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PREFACE. 


After the fourth edition of my ‘Text-Book of Botany’ (1874) had nearly 
passed out of prints I received from the publishers, as well as from botanical friends, 
repeated invitations to prepare a fifth edition. It is, however, an old experience 
that while one works up with pleasure a second and even a third edition of a 
comprehensive work, frequent repetition eventually becomes inconvenient or even 
painful to the author. Having experienced this sufficiently with the fourth edition, 
I was unable to make up my mind to a fifth. Apart from other circumstances, 
I was driven to this to an important extent by the progressive development of 
my scientific convictions. My mode of comprehending important questions of the 
Physiology of Plants had undergone changes in various directions, particularly in 
consequence of my compilation of the ‘Plistory of Botany’; like others, more or 
less subject to the prevailing opinions of the present, I had held as important 
matters which I was gradually impelled to recognise as insignificant and tran- 
sitory; higher stand-points and freer prospects opened out to me in the course of 
time, and the form of my text-book would no longer adapt itself to the advanced 
view. The artist may touch up his composition here and there with a few 
strokes of the pencil, or even make greater alterations; but that is not sufficient 
when the composition itself has ceased to be the expression of his idea. This is 
the position in which I find myself with respect to my text-book, since the chief 
thing in it to me is the composition, the form of the exposition as a whole. 

Moreover for several years past the wish had been taking a more and more 
definite form in my mind, to set forth the most important results of the physiology of 
plants in such a manner that not only students, but also wider circles, should be 
interested in them. That object, however, is only to be attained by a freer form 
of exposition, and I believe I have found it in the choice of lectures. It is not 
only the right but also the duty of any one who lectures, however, to place in 
the foreground his own mode of viewing the matter; the audience wish to know 
and should know how the science as a whole shapes itself in the mind of the 
lecturer, and it is comparatively unimportant whether others think the same or 
otherwise. 

I would have the present book criticised from this point of view. It is 
intended to introduce students and cultivated readers generally to the study of 
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the Physiology of Plants, free from the trammels of learned descriptions of appa- 
ratus which of course could not be dispensed with in a text-book or hand-book 
for specialists. 

Perhaps no other branch of Natural Science is so unknown to the educated 
public as the Physiology of Plants.; because, in spite of the important progress 
which has been made in it during the last twenty years, and in spite of the uses to 
which it may be applied, no one has undertaken to publish its established results 
in a convenient and intelligible form. This really serious want in our literature 
I wish to supply by means of my 'Lectures,' and this is of course only possible by 
the contents being strictly scientific ; only the form of the exposition is to differ from 
that hitherto customary, in running in phrases which are universally intelligible. 
The object indicated, however, requires also that much wdiich is apparently self- 
evident to the specialist must here be expressly brought forward and explained, so 
that a certain prolixity of description is often unavoidable, while, on the oilier 
hand, some questions of the day important to the Botanist are entirely passed 
over or can only be briefly touched upon. Again, having regard to the super- 
abundance of material, a suitable selection must be made, for, as is well known, 
the secret of being tedious lies in trying to say ail one knows. 

The notes on- the literature attached to the separate lectures are only intendecl 
for those readers who may be by any chance stimulated by my book to wish for 
further direction along the untrodden grounds of our literature. 

The publishers were of opinion that a new edition of the systematic part of 
my 'Text-book' might conveniently be attached to my 'Lectures.' Since I have 
myself neither the time nor the inclination to undertake such a new working-iip 
of this domain of Botany, I have made arrangements with Professor Goebel, ant! 
he is to compile the systematic portion of my Text-book independently, and 
according to his own judgment, and publish it as a separate Book, which the 
reader may employ as a supplement to my ' Lectures.’ 

Dr.'J. V.. SACHS.,' ■ 

WURZBURG, /jme 2']thj 1882. 


PREFACE TO THE ENGLISH EDITION. 


The work of translating Professor Sachs' ' Vorlesnngen liber' Pflanzen-physio- 
logie' has been carried on during intervals between scientific duties of other kinds, 
and some delay has resulted from the pressure of certain of these duties of late. 

To put the graphic language of the original into English, which should be 
as widely read in this country as the German lectures have been on the Continent, 
has been a distinct wish and aim on my part ; but it is well known that difficulties 
often arise in the attempt to render a German scientific sentence into simple English 
intelligible to the general reader, and that the force of many expressions may be 
readily injured or destroyed by displaying too much fear of their foreign form. That 
it has not always been possible to reproduce the living ideas of the author with their 
full force in the new language, I am only too well aware, but it is hoped that 
the faults are venial : they would have been more numerous but for the kindness 
of Dr. S. H. Vines, F.R.S., of Christ's College, Cambridge, who has been so good as 
to look over the proofs before I finally revised them for the press. I am also 
indebted to the courtesy of Mr. W. T. Thiselton Dyer, F.R.S., C.M.G., the Director 
of the Royal Gardens, Kew, and to Dr. Bayley Balfour, F.R.S., Professor, of Botany 
in the University of Oxford, for several suggestions. 

The index is the only real departure from the original: this I have greatly 
extended, in the hope that it will be correspondingly useful to students and teachers. 
With regard to the bibliography, I have not. added to the notes selected by Professor 
Sachs ; but it may be pointed out that further references to the literature connected 
with special points are available in the English editions of De Bary's ' Comparative 
Anatomy of the Ferns and Phanerogams/ by Professor Bower and Dr.. Scotty 
Goebel’s ^Outlines of the Classification and Special Morphology of Plants,' by 
Professor Bayley Balfour and the Rev. H. E. F. Garnsey ; De Bary's ' Comparative 
Llorphology and Biology of the Fungi, Mycetozoa and Bacteria,’ by the same ; and in 
the ‘ Lectures on the Physiology of Plants/ by Dr. S. H. Vines. 

H. MARSHALL WARD. 

Forestry School, 

Cooper’s Hill, 
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LECTURE L 




INTRODUCTORY REMARKS ON THE 
PHYSIOLOGICAL ORGANOGRAPHY OF THE VEGETATIVE ORGANS. 

In the vegetable, as in the animal kingdom, we find extremely simply, organised 
forms, in which all the processes necessary for the maintenance and reproduction of 
the individual are carried on in the limited space of microscopically small cells, in a 
scarcely ponderable mass of vegetable substance. In such cases as the Yeast-fungi 
and many very small Algse, the body of the plant appears therefore, at least from the 
exterior, of very simple constmction, in the form of a cell, globular or ellipsoidal, 
discoid, tubular, or of some other shape. In such cases nothing is to be seen of a 
segmentation into different organs distinct from one another externally. With 
increasing perfection of organisation, however, parts of various form, organs with 
different functions, make their appearance as segments of the body of the plant, the 
life-functions of which supplement one another; and this end is attained the more 
completely the more each individual organ discharges but one function. With this 
division of physiological labour, the perfection of organisation of a living being 
increases. 

The most important division of physiological labour consists in this, that in 
addition to the organs wiiich serve for the maintenance of a plant already existing, 
reproductive organs, i. e. such as have the sole object of producing new plants 
of like kind, also arise. We may class together the former as vegetative organs in 
contradistinction to these reproductive organs. 

Apart from quite isolated phenomena in plants of simple organisation, it is the 
vegetative organs alone which constitute the whole body of a plant that strikes the 
eye : the reproductive organs in the narrow sense of the word, the spores, oospheres, 
.antherozoids, pollen-grains, are always of microscopic minuteness, although larger 
parts, which belong, strictly speaking, to the vegetative body, may assume special 
forms and functions, by means of which they are enabled to act as accessory organs 
in reproduction. To this category belong, for example, the parts of the howers of 
phanerogamous plants. 

Only later, when we are concerned more in detail with the physiology of the 
reproductive phenomena, shall we examine closely also the forms of the reproductive 
organs. Asa preparation for the theory of nutrition, of growth, and of the phenomena 
of irritability, however, it suffices for the present to make ourselves acquainted with 
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the most important characteristics of the vegetative organs. In this I dn nu. .iim m 
any ^vay at setting forth, in the sense of descriptive or morplioiogical .>uun\ a 
possible varieties of fom of homonymous organs in the who.e vegaaole kingdom, 
the point in question here is rather to show the beginner, proceeding lunn plus.o 
lo-ical points of yiew, the most important modifications ot form, since me i-u.ely 
formal morphological contemplation of the organs of the plant cu.-tom,ii} liiuiea,, 
has left their physiological relations entirely out of account. Any <.me nlio Un, 
been exclusively concerned with the formal morpholog>' oi the vegelulue kmgaoin 
prevalent during the last thirty or forty years, can scarcely conceive the imi.orwme 
which the vegetative organs possess physiologically. ^ 

Considering the grand variety of forms in the vegetable kingdom, wmcli com- 
mences with simple spheroidal organisms only visible with the mic roscope, and 
ascends to such forms as we meet with in phanerogamou.s tree's ami shrubs, it 
is not easy to state in a few words the correspondences in nature of similar organs,^ 
and their essential differences. We know, it is true, that from the lowest st.rges oi 
vegetable organisation up to the most highly developed plants, the same phm ot 
organisation is always adhered to in all essential points. It is found, however, ili.tt 
very often organs which are in their nature of the same kind, may be endowed with 
not only very different forms, but also with different physiological functions. Since 
we assume from the standpoint of the theory of descent tliat the more iiighly 
organised foims have been developed from the simpler, the most \aned shapes 
from the same primary form, it becomes clear that very different organs miy 
nevertheless be of like original nature; but that, in the course of changes which the 
whole organisation of the vegetable kingdom has undergone in time, they have !;t:cu 
able to obtain new qualities, and to lose older ones. Thence follows, lunvevei. that 
we are not in a position to say in a few words which properties of an organ are 
essential, and correspond originally with the general plan of consirucliim ol the 
vegetable kingdom; in other words, it is not possible to express organograpiucal 
ideas clearly and e.xhaustively by means of simple definitions. 

We adoph therefore, a totally different mode of consideration. Without c om crnaig 
oui’selves in any way with definitions, we regard first the various organs v here liie)’ 
present themselves in the highest perfection in their typical character, and then '■e.-k 
to establish which organs, in other regions of the vegetable kingdom, pn-M’SH a!-o the 
same essential peculiarities more or less modified. In doing this, iioweve.i', we j'i.iic 
in the foreground the physiological properties, which very often corivspoiu! but liuk* 
with the relations of outward form which constitute the suhject-maiter of iiiorpii>>!( >gy. 
I believe, however, that this comparative physiological method of cunsider.iiiim of ihe 
organs apprehends their true nature in a more fundamental manner than innrph. liogy 
has done hitherto. 

Above all, physiological organography has to do, not merely with the iiieidenia! 
visible fprins of organs,, but more especially with their functional iuijiortancc for the 
life of the plant; these functional activities, hotvever, are nothing but reataions to 
external influtobSSi where the, case appears to be otherwise. Each reaction 
opf- an organ fo exfenKal influence is, however, what is usually termed irritability, as 
w'ill be shown morCipiy laier; OU; all the organs of the plant, without c-xception. arc 
■in- some one sense, the; essential differences ami agreements of the 
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various organs depend especially upon their irritability, i.e. upon the manner in which 
they react to external influences. In what follow'S, the organs of vegetation will be 
characterised from this point of view. 

Departing from the customary mode of view, we divide the body of the more highly 
developed plants into two groups of organs, — Root and Shoot. In accordance with its 
original signification, the root is that part of a 
plant which becomes fixed on or in a substratum 
as an organ of attachment, and in the latter case 
serves for the absorption of nutritive matters con- 
tained in the substratum. The shoot, or, to ex- 
press it more generally, the system of shoots of 
a plant, is on the other hand originally that part 
which, becoming developed outside the substra- 
tum, produces and increases the substance of the 
plant, and brings forth, in addition, the reproduc- 
tive organs, which never appear on a root. 

That both fulfil their characteristic functions 
depends upon their different reactions to the uni- 
versal forces of nature, gravitation, light, contact, 

See, That, as we shall see later, there are roots 
w’hich grow forth above the substratum like shoots, 
that there are also numerous shoots which pene- 
trate into the substratum like roots, does not alter 
their original nature ; and only proves, as has been 
mentioned already, that with progressive develop- 
ment of the vegetable kingdom, with progressive 
adaptation of various organs to special require- 
ments of life, some peculiarities may be lost, 
whilst new ones on the other hand may arise. 

This, however, will become clear only in the 
further course of our investigations. 

In the first place, it, will be advisable to illus- 
trate more fully, by a few examples, the difference 
between root and shoot. 

If we allow an Almond, for example, to ger- 
minate in moist earth, we find, after a fe\v weeks 
that the young plant already contained in the seed 

- r- 1 1 1 1 /TT \ 1 1.— Seedling of the Ahnond 

becomes further developed (rig. l): the primary commumS. primary root? secondary roots; 

... T . 1 I T hypocotyledonary (first) segment of the seedling 

root \iv) has grown down into the earth, and shoot; cotyledons (first leaves); their stalks; 

, / /\ . * fifst internode of the shoot-axis of the seedling; 

numerous thin filiform lateral rootlets {to ) spring b «ts young leaves (nat. size), 
forth from it, growing obliquely or honaontally. 

Language has not waited for Botany to recognise this portion of our plant extended 
in the substratum, as a special and peculiar . organ, and to distinguish it from the 
remaining parts by the name of Root, ’ V ’ ■ 

On the other hand, there rises from the germinating Almond, above the sub- 
stratum, that part of the plant which: will later on develope in the air and in the 




4 


LECTURE I. 


presence of light as the Almohd-tree ; it consists, in the first place, of a oyliiKlri. ai^ 
part ii) tending upwards, which we recognise immediately as the luluie main stem ol 
the young Almond-tree, and at the upper portion of which^ the young leaves (^) are 
already visible. The two bodies, densely filled with nutritive matters marked (c) in 
our figure (the Cotyledons), are also to be regarded as leaves whicli Siiring from the 
seedling stem. We comprehend the whole of tliis structure under the name of Sin » u, 
as opposed to Root, and distinguish on it two categories of parts, viz. the le.tws 
{b and c), and the Shoot-axis {t). However sharply the leaves are here and in other 
cases separated off from the shoot-axis, an extended comparison of iliiTerent timns of 
plants leaves no doubt that they are nothing but portions or outgrowths of the shoot- 

axis, and miisfe be taken togelher wiili this as 
one whole. Our plant is thus in the first 
instance segmented into root and as 

. the two chief forms of vegetative organs. 

.r . If, in contradistinction to this liiglily organ- 

' ised seedling, which developes into a tree, we 

* now contemplate a small plant of extreniely 

simple nature, growing even witliout cell divi- 
sions, as Boirydium (Fig. 2 ), we here again 
, . find the two parts. Root and Sluna. I'he 

first, consisting of thin, hranchai tubes, ha 
I \ penetrated into the subslrauim (wel i’layb it 

/ (\V fixes the entire plant, and at the same lime 

//][ • absorbs mineral nutritive materials from ihe 

/H l\ w \ ’Soil, and it does both by virtue of a .seric.s td 

n ' I Iv lA \\ properties which it shares with ihe highly organ 

Jr A\ I A ised root of the Almond plant ; it is only !w the 

^ APaMI Ik external form and visible interna! slriklua* 

/\nM I X \aV distinguished from it; the fiinciioiL 

^ performed in virtue of special irritalfl;!}-, h 

A A A I !p I all essential points the same in h<ah. 11a 

/ I P 'Other. -portion of our IlAndinm |uant a 

pobular swelling of the vesicle of whicli llic 

X-i0.2.—Botryciutmgmn}tMum. An Alffa, mag-* vU-Tr'.f I, 

nified about 30 times. «/ root ; jr gj een shoot (after WslOie plani COD. isl> . tulb |CUi,, i, 

Rostafinski). comcs forth above the subslralinn, and imai* 

ing the light, the usual green colouring matter of plants i.s proiliu ed— vi/.., < h!u- 
ropbyll; by means of this, it is enabled to decompf)se carbon dioxich.% and, ilic 
aid of the mineral substances absorbed by the roots, to produce orgaiUM d plnii'' 
substance. In this point the globular shoot, in spite of its cxiremeH' simpk^ 
organisation, corresponds to the highly developed germinal Hhoi.a of Ahnc.cd, 

It doe's so also in a second point; the reproductive organs arise in ii m'lumt or laiirr* 
thougjh. ,ih'a:i:^uch simpler form than- is the ca»se with the Alinond-lree, on wliicli the 
Teprod, active bo|ies (oospheres and^ pollen-grains), also microscopically small, only 
arise after the. germinal shoot is strongly developed and roiic!i 

branched— in' the in^prof the^owe^^^ which are simply altered sficiots. A detaikfd 
exposition of these present a thousand examples, wiiiclK even on 






Fig. 2. — Botrydmm gmnulaium. An Alffa, mag", 
nified about 30 times. «/ root ; jr gj een shoot (after 
Rostafinski), 
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a purely external examination, would exhibit all possible transitional forms between the 
organisation of the germinating Almond and the Botrydmni; but for a physiologically 
correct comprehension of the actual state of affairs we scarcely require this aid, since 
we can prove that that part of either plant which penetrates into the substratum, and 
equally that rising above the substratum, undertakes in both cases essentially the 
same functions for the whole plant, in spite of all difference of form, and is to this 
end endowed with the same kinds of irritability. 

In order to obtain at once more general points of view for physiological 
organography, we will take into consideration yet a third example, a plant of structure 
equally simple to that of Boirydium, wdiich also consists simply of a single, branched, 
tubular cell, a mould-fungus of the 
JIBicor group, which is represented 
in Fig. 3. The part (m), with its 
thousands of branches, has arisen 
from the germinating spore, and 
has extended in the substratum 
(e.g. moist bread, the flesh of an 
apple, &c.). After some time, there 
grow forth from the main arms of 
this branch-system thicker simple 
tubes, which rise above the sub- 
stratum, sw'eli up in a globular 
manner at their ends, and develope 
reproductive organs in these spo- 
rangia. Our whole Mucor plant 
is devoid of chlorophyll, and is 
therefore unable to produce or- 
ganic vegetable substance by de- 
composition of carbon dioxide; on 
the contrary it absorbs it for its de- 
velopment out of the substratum, 
that is, by means of the portion 
m (contained in the substratum) 
w'hich, in spite of its different or- 
ganisation, behaves itself, physio- 
logically, exactly as tlie root of the 
Bobydium and of the Almond, since it penetrates into the substratum, urged by the 
same kind of irritability, and absorbs water and nutritive matters from it. We are 
therefore completely justified in regarding this portion of our fungus, distinguished 
by botanists as the mycelium, as its root, and accordingly the fruit-bearing portions, 
protruding above the substratum, appear as shoots ; it is true they show, as already 
said, an essential difference from the forms of shoot hitherto considered, inasmuch as 
they are devoid of the capacity of producing vegetable substance from carbon dioxide, 
since they contain no chlorophyll ; instead of , this, however, the other property of the 
shoot — to bear reproductive organs — has been preserved to them. 

We have started in our , .organographical consideration, as also appears in the 



FIG. nikns, m rayodiuiii (root) 54rov'n in jyelatinc ; 

. £ conidiopliores, risiiijf above the substratum. 
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hislory of science, from a highly developed plant, Irom a plant the roots ol wiiich 
every one knows as such, the essential root-properties of which are dcvt-lopocl in 
the highest perfection. The germinal shoot of the Almond is likewise^ that svhuh 
language has all along distinguished as a shoot. I name such organic forms which 
present the essential peculiarities in great perfection, and from which therefore a clear 
scientific consideration best proceeds, typical forms, and believe myself in this use of 
the word to be completely in accordance with the original sense of the woi-J 'J'vpe. 
When we now, proceeding from typical forms of organs, compare abnormal forms 
with them, we find two different categories of these. For, on the one hand, we meet 
in the lower regions of the vegetable kingdom with such forms of organs, e.sjieuaily 
of roots and shoots, in which the organic differentiation generally is not yet so far 
advanced as in the typical ones ; we have to do with feeble beginnings, vhich have not 
yet attained to the typical standard. In this sense, we may term the roots of our 
Bolrydium and Mttcor rudimentary roots, in so far as the word ruiiimenl signifies .i 
state of beginning which has not yet attained to completeness. In strong contr.isi 
to these rudimentary forms, we have to distinguish further the degenerate or reduced 
forms. As it is to be assumed, from the standpoint of the theory of descent, that 
the more perfect have gradually developed from the simple organisms, we are also 
driven to the further assumption, that, in consequence of special modes of life, more 
simply organised forms have again arisen from tliose more highly organised, and 
this process we term degeneration, or reduction. Thi.s process is strikingly e.xiiiliitcd 
when plants, which we must regard as originally ahvaj's containing chloroiihyll, 
become parasitic. Since through parasitism they come into the condition of 
absorbing organic material from without, they cease to form it by deconiposilion 
of carbon dioxide ; under these circumstances the chlorophyll is superfluous as asr 
instrument of assimilation, and in consequence of this, the whole remaining 
organisation becomes simplified, so far as it is connected with the activity of the 
chlorophyll; and since it is especially the shoots which are the bearers of the 
assimilating organs, these lose, in parasites, together with the loss of chlorophyll, 
all those peculiarities which arise from the activit_v of the chloroplnll. via., the larger 
development of surface, and the external segmentation connected therewith, asid ^o 
on. There then remains to the shoot only the second primar_v peeiili.irity, vix., to I'C 
a bearer of fructification, and such we find to be the case in the thiril plant t uu>i li-rtai 
above, the Mucor, as with most of the other fungi, and the pIkiniTt>gam> deviii;! i-.f 
chlorophyll. To recapitulate what has been said, we ha\'e. a.s the typical forms, iiic 
highly organised ones which first offer themselves for consideration, CotuivariM.a with 
these brings into notice, on the one hand, the rudimentary organ.s viucli luit 
yet come up to the typical standard; and on the other hand, we regard tlio.se r-rgaus 
as degenerated, or reduced, which have been developed from tyj-iicai fie-ms by 
simplification of their functions. 

It is, however, always very difficult so to form our general conceptions, lliat they 
shall comprehend all the cases occumng in nature. So it is also here. For \err tiften 
organic forms are met with, with regard to which one knows not in which of those 
categories they should be placed. For example, it is certain that the flowers of phaticro- 
gamous plants belong to the category of leafy shoots ; from a purely le.sUieiic point of 
view, one might be led tb'cdnsider them as the most highly developed form of sbtwt, 
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whereas the systematic or phylogenetic mode of consideration leads, us to the 
conclusion, that the flower shoots are, to be considered as altered leaf shoots, of 
which the capacity for assimilation has ceased, because they take part in the function 
of fertilisation. They are in this sense, therefore, reduced forms of shoot. In the same 
way, we may assume that the tendrils of the Vine, in spite of their containing 
chlorophyll, yet scarcely come into consideration in the assimilation of the whole plant; 
whilst they serve it as climbing organs, and in so far contribute to the green 
leaves being able vigorously to canyon their function of assimilation. Again, we 
may regard the numerous subterranean forms of shoot as derived from green leafy 
shoots, which, however, on their part, assist in the performance of the processes of 
nutrition by the latter in this or that manner. It is against common sense to regard 
those kinds of organic forms, which have it is true only been derived later from the 
typical ones but which contribute to the greater perfection of the entire organism, 
simply as degenerations. In order to express this objection adequately in language, 
I shall designate these kinds of organs, derived or metamorphosed forms; a flower, 
a vine-tendril, a subterranean runner, &c. are thus, for us, derived or metamorphosed 
shoots ; and in the same way, roots which serve the function of nutrition either not 
exclusively or not at all, but rather do duty as climbing organs, reservoirs of reserve 
material, and so forth, are not necessarily to be termed reduced, but more generally 
as derived or metamorphosed forms of root. 

In this setting forth of the ideas of rudimentary, typical, derived and reduced 
organs, we also find at once the reason why it is in general quite impossible to 
characterise correctly b}” means of short, precise definitions, a comprehensive category 
of organs: thus, in comparison with the typical forms of a group, various characters 
may yet be wanting to the rudimentary forms of the same group ; on the other hand, 
certain characters may become lost by degeneration, and it is obvious how very 
difficult it is, under such circumstances, to have regard to all these various cases in 
a definition. 

It is therefore, in ni}- opinion, the best, as well for research as for my exposition, 
to find out first by careful comparison of very many cases, what organic forms present 
themselves as typical within a category; these are precisely those organs where the 
forms concerned are developed in the highest degree: one has then only yet to 
establish, whether and how far other forms are to be looked upon as rudimentary 
or dei'ived. I’lie selling up of a typical form supplies in a certain manner the ideal 
towards which the rudimentary forms are striving, and from which the derived forms 
have fallen away again h 

^ The usual division of all organs of the plant into root, stem, and leaf, no longer comes 
up to the present state of science — at best it might hold good exclusively of the vegetative organs. 
Keverthcless, it will, as I believe, clearly result from what has already been said in the text, as well 
as from the following lectures, that there is no meaning in considering stem and leaves separately 
from one another, as two groups co-ordinated, with the roots; that, rather, both together' are to 
he co-ordinated with the root, as shoot. Since what is necessary has been said in the text, it is 
superfluoiis to attempt any further demonstration here. 

Yet a few words in anticipation bn the reproductive organs, to which I shall, however, return 
in the last part of this book. That_the reproductive organs in the first place of the phanerogams 
were regarded as leaves, or as appendages of such, in the sense of the doctrine of metamorphosis, 
was only justified so long as the stamens and carpels of the phanerogams were considered as the 
true sexual organs. No attempt was made to arrange the arciiegonia and antherklia under one of 
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It is hjowcvcr necessary yet to refer to some other points of gcneial sjgnjlit<.iiic,o* 
We seek the characteristic properties of organs, from oiir p(.)ml of vie\\\ not m 
their outward form, not even especially in their visible aiiaiomicai siructiire, f>ut, as 
already stated, in their manner of reacting to external influences, or of being irritable : 
and this depends, as we shall yet see in what follows, less upon the ex tenia 1 and 

anatomical structure, than upon those invisible relations of structure winch are nsuall}* 
termed molecular, and in the sense of chemistry, atomic. Ihis implies, however, 
that the characteristic similarities and differences of organs depend upon Iheir 
material constitution. From general scientific principles, we must assunn? that to 
each visible external difference of the organ, there corresponds also a ilifferenee of 
its material substance, exactly as we regard the form of a crystal as an ex|>reKsic>n 
of the material properties of the crystallising substance. In our lime of advanced 
scientific knowledge, it might appear, strictly speaking, scarcely necessary to liy 
special stress upon this principle; but the thoroughly scholastic wav of thinking, 
which, coming from former centuries, has been kept alive up to the most nuHlinm times 
in the region of botanical morphology, makes it seem still advisable to devou* a few 
words to the matter. As late as the year 1880 one of the most renowneti German 
botanists, from the stand-point of these antiquated views, used the following words in 
an academical address: ‘‘The figure of the entire organism, which will onlv !>e realised 
in a material form in the future, already operates virtually in the present, as a 
cause, before and during the development of the parts, just as does the plan avcorsb 
ing to which the builder places his blocks.” Such a mode of looking at organic forms 


the general, so-called morphological conceptions, and yet nobody ventured to form of lliiiw a special 
category of organs, in contradiction to the obsoiete doctrine of metamorphosis. 

In the present state of our knowledge, 'however, we have without doubt to take as the typical 
reproductive organs of the whole vegetable kingdom, on the one hand sporangia, on the oilier the 
archegonia and antheridia of the Mosses and Vascular Cryptogams. It wmuk! be ridiculous to %visf! 
to arrange these under the morphological conception, leaf or stem : we have here to do, rathrr, with 
two groups of organs, well characterised physiologically and morphologically, vis:, sporangia and sexual 
organs. In the comparison of the Algae and Fungi with tiie Muscinca: and Vascular Cryptrigam^, if is 
shown at once, not only that the proper spores of both groups corresponrl to <»nt' anothvr. vJso 
that the so-called oogonia of the Thaliophytes, are rudimentary simpler archcgr.n in. and ihe 
holds good with respect to the antheridia. On the other hand, following up tiw sporangia nml 
sexual organs of the Vascular Cryptogams into the clashes of the Gymnospimis and .■\ngii‘S|trrntH, 
progressive degenerations of them, and a remarkable combination of the sexual organs v. itl\ tluj 
spores are found. That the pollen-grains correspond to the male microapores, tlu- to thv 

female macrospores of the higher Cryptogams, is now generally accep'ted, after ihU reins ir-n h:>n 
long been established by Hofraeister and myself. Numerous more recent works mu dxe 

history of development, especially those of Goebel, leax’^e no doubt that the aiUlriT.’, as wkM us tic 
ovules, are true though reduced sporangia, &c. 

Since I shall return to these matters later on, what has been said is only to serve tu vtir. ha-iiu-, 
in connection with the division of the vegetative organs into root and shoot, that two |H‘c:pliar 
groups of organs stand opposed to them, viz. the sporangia and sexual organs, in tlvAv bn ru 

as archegonia and antheridia. We have thus to distinguish five categories of organs : ill tkv vegc« 
tatiye organs— (i) root and (2) shoot; (11) the reproductive organs— « asexiial si|Mirarigia and 
spores (3),' d the sexual archegonia (4) and antheridia (5). AH other forms of orgaiw are riKlI- 
nientary or reduced organs of these groups, 

T have good re^on for .entirely discarding the term t/mllm. In the first place, the Greek wort! 
OAXhos means simply shoot;, and, secondly, the thallus of the Alg« and Fiingi, taken piirrly sw 
a matter of fact, according to the custonaary view, is simply characlerisecl by the want of k‘a\’c% 
although the morphologists are by no nieans able to say what a leaf really is. " 
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and their existence, to which I replied at the time is only possible if, as has happened 
hitherto, the organic form is regarded as something existing per se; as if the organs of 
the plant themselves by no means consisted of real matter, with its forces and reactions 
to external influences, but, like platonic ideas, existed only in the abstract, but were 
nevertheless able to operate upon the actual matter of plants. 

If now the outward form and internal structure, and the functional capacity of 
an organ resulting therefrom, constitute the necessary expression of its material sub- 
stance, then a very simple consideration leads us to the perception, that this material 
substance of an organ is itself again the result of the physiological activity of preceding 
organs of the same plant. The first organs of the seedling arise from materials 
or chemical compounds, which the mother-plant has produced and apportioned 
to them 3 the later organs arising after germination, the shoot and its parts, roots and 
so forth, however, are constructed from the materials which the organs of the seedling 
have taken up from without, and then further altered according to the specific nature 
of the plant; each subsequent organ is the result of the constructive activity of 
preceding organs. Thence it follows that the construction of organs, their deve- 
lopmental history and growth, is also a subject-matter of vegetable physiology, 
and that, as one may say, not only the most important but also the most 
difficult part of it. Vegetable physiology has thus to do not merely with the 
functions of organs already existing, but also with the origination of the organs 
themselves, which is itself a function of preceding organs. In reproduction, we must 
assume that certain particles of matter pass over into the reproductive cells, which 
have been previously produced and their nature determined by the organs of the 
mother-plant, and now possess the capability, whilst appropriating to themselves new 
matter from without, of imprinting upon this the same series of material differences 
as had already declared themselves in the mother-plant*^. This repetition of the 
formative processes which depend on chemical processes is, as a rule, a very exact 
one in each organic form, so that the descendants resemble the progenitors in all 
points. It is this process which is termed Heredit3v It is at once perceived that 
Heredity is simply a fact of experience, the cause of which we do not know, and 
nothing more. It can therefore only lead to more complete confusion in science, if, 
as often happens in these days, Heredity is treated in a very thoughtless manner as a 
force of nature, by which it is imagined to be possible to explain all manner of things. 

But tiiis constant repetition of the peculiarities of the ancestors in the de- 
scendants is not without exception ; sometimes, as cultivated plants especially show in 
a thousand ways, more or less extensive deviations from the peculiarities of the parents 
appear in the descendants, which, under certain circumstances, may l^ccome more and 
more intensified in the following generations, by further propagation. This fiict is 
expressed by the term ' formation of vaneties/ Its cause is in general unknown ; in 
any case, however, we are correct in assuming that the changes, perceptible externally 
in variation, consist in material alterations , in the parents, during procreation or 

^ Compare my treatise ^ Sioff und Fo 7 ' 7 nder PJtmiienorgane- in the Arbeiten des botan. Institiits 
in Wurzburg, 1880, Bd, 11 , p. 453. 

^ I have explained in my two treatises on:* Foj'm' in the Arbeiten des botan. Instituls 
in Wurzburg, BcL II, that the 'gemmules’ in -Darwin's Pangenesis are not meant here, but matter in 
the sense of chemistry and physics. 
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immediately after it, most probably in a change of the proper generative substances. 
This is not the place to go into these matters more in detail ; we ought ratljer to 
emphasise only that the theory of descent has ‘been developed from the consideration 
of variation in reproduction, from the fact of the accumulation of new peculiarities 
in the varieties. These facts, in combination with the observation that from the 
simplest forms of plants up to the most highly organised there is an unbroken series 
of transitional or intermediate forms, have led to the hypothesis, as daring as 
fruitful, that the most highly developed organisms have been gradually developed from 
the simplest, by means of the progressive formation of varieties. This is essentiall.v 
the meaning of the theory of descent, which has during the last twenty years pro- 
duced so great a revolution in the views of naturalists. We also cannot dispense with it 
in our organograpliical considerations, simply for the reason that the understanding of 
any organic form whatever is only possible if one looks upon it as the result of the 
ever progressing organising tendency of the substance of the plant, i. c. of the 
variation of other preceding organic forms; or in other words, every orgimic form 
is the outcome of a history, which is as old as the organic world itself. This 
principle asserts itself far less in the consideration of the specific functions of gi\’en 
organs, than in the comparison of their external forms, and the natural system is tiie 
attempt to state clearly this historical relationship of all plants to one another. Like 
all new and comprehensive hypotheses, the theory of descent has also caused con- 
fusion and devastation in weak minds, and perhaps done as much harm as good. 
We shall be on our guard against laying any value whatever upon the excrescences 
of the theory of descent, without casting aside the good and helpful whicli is 
contained in its scientific nucleus. Even the above statements concerning typical, 
rudimentary, reduced and metamorphosed forms, have a clear, actual meaning only 
on the basis of the theory of descent, and so I shall, in our further considerations, 
have recourse to the theory .where the facts require it 

Concerning one point I should wish to anticipate : viz. the use of the word 
Purpose, a word which many fanatics of the theory of descent woiikl if possible, 
banish entirely from the language. But the fact that, formerly, Purpose in the 
mechanism of organisms was referred to causes other than now, is no reason for 
robbing our language of a pregnant term. By the expression, This or that mechanism 
has a Purpose in an organism, one understands really nothing more than that this 
contiibutes to the ability of the organism to exist. It is now obvious, however, without 
further discussion, that all properties of any organism must necessarily be so arranged 
that they at least do not call in question its existence under the circumstances of 
life natural to it. 'To the purpose' means, therefore, in general, the same as ' capable 
of existence,' and it would be foolishness to waste even a ^vord as to whether one 
may use the term in this sense or not. This implies, however, that tliere is 
absolutely no scientific merit . in maintaining of any organic mechanism whatever, 
that it is in general to the purpose, or contributes to the capabilit}' of exisu-nee ; 
since that is self-evident. On the other hand, it is in certain circumstances 
important and profitable to demonstrate how far,, and under what conditions, a given 
mechanism in the organism is of purpose ; in what way this contributes, in comljioation 
with other mechanisms,' to the capability of existence of a given organism ; amUirkily 
speaking, the whole of physiology is essentially occupied \tiih such demonstrations. 


LECTURE II. 

THE TYPICAL ROOTS OF VASCULAR PLANTS. 

It has been already remarked in the first lecture, while considering the 
differences between roots and shoots, that the primary and essential character of 
the root consists in that it becomes, first of all, developed as an organ of attachment 
on or in a substratum, and, when the latter is the case, it is at the same lime the 
medium of absorption of nutriiive matters contained in the substratum. Since, 
moreover, assimilation — i. e.the production of organic vegetable siibstance—is foreign 
to its physiological purpose, the instrument of assimilation, chlorophyll, is also 
wanting to it : though it is not thereby precluded that in certain rare cases, when 
the roots are developed in air or water and thus exposed to light, chlorophyll may 
also arise in them. However I shall return to the pln^siological properties of roots 
afterwards. Meanwhile, it will be to the purpose to consider the relations of 
organisation ; and we will concern ourselves, according to the scheme of comparative 
organograph}'- given above, first with the t}^pical, and then with the rudimentary 
and reduced forms of roots. 

We find typical, and at the same time very highly organised roots, in the 
large majority of vascular plants, the phanerogams and higher cryptogams: 
botanists for about the last forty }'cars have accustomed themselves to term these 
organs excliisiveh' roots, which is from a purely formal point of view but half 
justifiable, and from the standpoint of physiological organography must be entirely 
rejected. 

In vascular plants with upright main stems, as the Sunflower, Tobacco, Hemp, 
and others, we meet w-ilh a root-system developed completely in the earth, and 
composed of long, cylindrical fibres of varying thickness, which is in ordinary 
language simply termed the root ; in scientific language it is however more to the 
purpose to call each one of these fibres a root. In many cases the first root, 
already present in the embryo of the plant, becomes vigorously developed, pene- 
trating peroendicularlv into the earth ( w. Fig. 4): from it spring, radiating 
laterally in two, three, or more directions, numerous new roots (/z) which grow 
horizontally or obliquely downwards, and in their turn again produce new root-fibres, 
and in such a way that the new, young roots always arise behind the growing 
end of what is the mother-root for the , time being. In the case here considered, 
which is realised especially in trees and annual erect plants, the whole root-system 
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of a plant thus arises from the embryonic root (radicle) : this is the oldest, grows most 
vigorously, and penetrates deepest into the earth. It is, however, more frequently the 
case, that the first root of the seedling, with its ramifications, soon ceases to grov/, and 
new, more vigorous roots are then formed from the lower parts of the slioot-axis, 
which likewise, although they arise above the ground, penetrate into the earth 

and become liranched there. 

■ In such a'case, more v'igor- 

ous roots may go on con- 

lilmtlllBi tinually appearing higher 

stem, so that the 
root-sj'stem ramib'ing in 
the ground, arises, not as 
before from a tap-root but 
• from the main stem of 

^ the plant The Palms and 

the IMaize furnish cxcel- 
examples of this. In 
creeping plants — e. g. the 
Gourd — more especially 

^ ^ wfi'ien the stem creeps for- 

\ ward beneath the earth, 

roots usually sjsring from 
under side of the shoot- 
along its wliole Iciiglh, 
^ in many cases even close 

these 

:‘fi^ may branch also in their 

^|r' turn. In subterranean creep- 

m iiig stems, the rool-s}"stein 

Ji originally formed on tlie 

M seedling may then die oft 

M.fj, and rot away, together with 

M the hinder part of the stem 

W ■ ' itself, new roots Ixdrig con- 

^ tinually produced behind 

the apex of the growing bud. 
*But e\'en when the primary 
root-sj'stem remains pre- 
served, but the stem climbs, 
it frequently hajipens that 
new roots are cGniiniiaily 
produced below the bud; these then cling to solid bodies as climbing organs, as 
in the Ivy and many tropical Aroids. Roots of this kind are commonh* icrmi-d 
aerial roots ; they may also grow, down from a considerable lieiglit in the foiiii of iliick, 
cylindrical cords several metres long, and finally penetrate mto the ground, thco^ to 
become branched (tropical Aroids). *But even in stems growing upright, it ha|)pens 


FIG. 4 --Seedlinj,f of Gourd [Cucnrbtta Pefo). w primary root ; : 7/ secondary 
roots; h the 'hypocotyledonou.s sej^ment of .the shoot-axis; c the cotyledons 
(uat, size). 
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frequently enough that roots arise immediately beneath the growing poinq and even 
that the whole root-system of the plant consists of them, as occurs in many Ferns, 
particularly the Marattiaeese and many tree ferns. In several species of Cactus, 
moreover, the tendency also exists to put forth roots close beneatii the growing- 
point of the shoot; iinally, roots may even spring out of leaves, as occasionally 
happens ill a fortuitous manneiy but occurs 
quite normally in our common large Fern, 

where ij 

so densely beset with leaves, that it generally (f l S\ . / 

shows no proper surface at all j all the | |l^| I ^ ^ 

numerous roots of this plant spring from | jf^|| I 

the basal parts of the leaves. 11 | |m| | ||^ 

Since the roots develoi)ed in the earth j- 

especially absorb water and nutritive matters ' 

dissolved in it, their number and ram ifica- 
tions, and thus the whole formation of the 
root-system, are the richer, the more vigor- 
ously the green, transpiring and assimilat- , 
ing leaf-surface of the aerial shoots is do- 

veloped. In time, in proportion as the jjf |T/j 

assimilating foliage increases in surface, the j ** f 

subterranean root-system becomes larger, [j m 

and fresh portions of the soil are pene- j | 

trated by it. The number of root-hbres, ><^1 

and the space which they traverse in all 

directions within the soil, is much larger 11/ If I 

than one usually supposes. It is cer- 

tainly not put too high if ive assume this ^W// 

space to be more than a cubic metre in m 

the case of a well-developed Sunflower, W /v 

Hemp, or Gourd plant; and in the case /// /^ 

of large trees we may estimate it even — r[jf 

at hundreds of cubic metres. This space 

then is so tra\'ersed in all directions by 

thousands of fine roots, that scarcely a //Cfl 

cubic centimetre of it remains exempt. By u 

this means the plant, abundantly provided )y^ y? ^ 

w'itli foliage, succeeds in extracting from 

the soil the very large quantities of water Ff 0 . 5 .~IU.,rarnmntic longitudinal secflonthro^^^^ 

which are transpired from the leaves, to- 
gether with the nutritious matters contained 
in it. S. Clark has taken the trouble to 

measure the length of all the roots of a .large Gourd plant, and found that 
it amounted to twenty-five- kilometres. .■■This relation between root-formation 
and leaf-surface makes itself evident ■ again in that, in floating aquatic plants 
{Hydrocharis^ Siraf ivies ^ the /number and length of the roots are 


FfO. 5.— Diagrammatic longitudinalsecfion through a young 
Maize plant {Zt-a Mays), w primary root ; y the 
roots springing from the shoot axis (ri ; leaves ; Z- buds. 
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generally inconsiderable, since they find the nutritive fluid in abundance, while 
the leaves, floating on the water or surrounded by the damp air, use up but 
little water; plants living in humus and root-parasites which have no gn-een 
foliage leaves, as Neotiia, Lathraa, Orobanche, have also but an insignificant 
root-system in proportion to their body-weight, because in the absence of green 
leaves the most important transpiratorj' surface is wanting. In general the root 
fibres are the tliinner, the more numerous they are in the root-system; since, m the 
formation of roots, it is essentially a matter of a large surface, with least possible 

mass of the organ. Hence 
the . lesS''.''' mimefous, short; 
roots of plants devoid of 
chloroplndl, as well as of 
' 'water-plants,, , are; , remark-' 
ablj thick; and' fleshy j.'./while'. 
the young absorbing roots'^' 
■of, 'large 'trees' 'and 'shrubs;; 
'very,' often" s'carcely' 'atta'iii' 
the ■' thickness of , , a' ■' ' liorse,- 
hair. ''•If we now examine' 
,'a' '''single' ' root, fibre .more, 
closely y we have at its ''free', 
end. the growing' poiii'd out' 
'of ' 'wliich , .th.e' , w,hO'ie'', cellular 
'tissue. , of ""..the'' 'fibre'.'' 'becomes 
developed. This growing 
point is moreover encased 
'.''.with' .a-',^ cap of ■; i.rmer, ' per- 
manent '' tiss'iie. ' ' ' 'The';' , fo-re ,' 
end .of'tiie 'root 'is','dn '"fe'Ct,":'' 
destined to' be '.|)U's!iecl,'.'„'fo'r-.';,, 
w’ards in the earth, much 
as the point of a nail whicii 
is driven into a board. It 
is obvious that the solid 
root-cap, with its smoolli 
slippery surface and its coni- 
cal form, fitcilitates the pro- 
gress forwards, and at the 
same time protects the delicate tissue of the growing point. In aerial and aquatic 
roots, which we may regard as derived or even reduced forms, the root-cap 
is feebler, and is only in general an organ of protection against the till ing up 
of the growing point, or against its immediate contact with water. The anatomical 
relations need only be briefly referred to; each root-fibre consists of a central 
or axial vascular bundle, or fibro-vascular cord, and a soft cortex of ex- 
ceedingly thin-walled parenchyma , cells surrounding it. The axial cord, the 
histological constitution of h^hich differs considerably from the vascular binulles 





Fig. 6,— -Vertical longitudinal section of the stem of a young' 
rvecta. Above, the youngest leaves [b) are still completely enveloped in the 
stipules (« i5); st stalk of an unfolded le.nf, with its stipules nb-, n ever3''where 
the leaf-scars on the basal portions yy from which the leaf-stalks have been 
separated ; cc the commissures of the stipule.s in longitudinal section ; 7cw roots 
(nat. size). 
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of the shootj is at its posterior end connected with the vascular bun dies of the 
organ bearing it; it runs through the whole length of the root, and terminates in 
the growing point, from which it, as well as the cortex, obtains the elements for 
its further growth in length. Through this cord, and particularly through the non- 
lignified elements of it, the formative matters, especially such as are of pro teid 
nature, are conducted to the growing point from the mother-organ. Since the 
roots have to absorb water and the nutritive matters dissolved in it, and do not 
need protection against evaporation in the soil, they are devoid of the resistant 
epidermis of the shoot-axis, the outer wall of the cells is not at all or very slightly 
cuticularised, and obviously the stomata are wanting, since in roots there is no 
question of a rapid interchange of gases wdth the 
environment. 

When a new root-fibre is about to arise, there 
is formed in the interior of the tissue of the 
mother-organ, for instance inside a root, or a shoot- 
axis, or even a leaf, in the first place a new grow- 
ing point, which usually consists of small-celled 
embrj^onic tissue, which becomes at once clothed on 
the outside with the root-cap. These new growing 
points generally arise on the outer side of the vas- 
cular bundles of the mother-organ, and when the 
young roots begin to grow, they must first break 
through its cortical tissue, as ma}^ easily be observed 
in fresh roots : the lateral roots of these protrude 
from slits, the edges of which are often raised up 
in a lip-like manner. As a rule, a root, and likewise 
a shoot-axis, gradually produces a large number of 
root-fibres, which on their part generally act in the 
same manner. In this the rule holds good wliich 
prevails generally in the formation of organs in the 
vegetable kingdom, that the roots appear in acro- 
petal succession — i. e. the youngest roots are always 
nearest the growing point of the mother-root, or 
of the root-forming shoot, and the further they 
are removed from the growing point of the mother- 
organ, the older and longer they are. Since the 

young roots arise on the outer side of the vascular bundles, or at any rate in 
definite relation to the vascular bundles of the mother-organ, and these run more 
or less parallel to one another, it follows obviouslj^ that the roots which spring from 
an organ are arranged in longitudinal rows. This arrangement appears much clearer 
in the branching of the root itself, than in root-forming stems; we find here the 
lateral roots arranged in 2, 3, 4, 5 or more longitudinal rows, or orthostichies. In 
general, however, the arrangement of the; roots on their mother- organ is not so 
strictly regular as, for exainple,, the -arrangement of leaves on their shoot-axes. It 
is also to be insisted upon that the youhg; roots always appear first at some distance 
from the advancing growing point of the mother-root or mother-shoot, even though 



Fig. 7. — Longitudinal section thrcmsli the 
ri7ot-apex of MinrsHia snlvatrix. 7 t>s the apical 
cell ; xy its last segments ; o the epidermis ; 
jilf tlie axial vascular bundle of the root ; wh 
layers of the root-cap ; h the parts of the root- 
cap extending further back on the root (highly 
magnifteU). 
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)Usly developed from the embryonal tissue of tlr 
lateral roots, therefore, usually possesses a na 


I now pass on, finally, to a short description of the proper physiologii'al peculiar- 
ities of the root. I confine myself again in so doing to the typical forms, more es] Ra- 
cially as we meet with them as subterranean roots in the land plants with green leaves. 
The main purpose of these is, as already insisted upon, in addition to the iastening of 
the plant into the ground, the absorption of fluid nourishment out oi ii; and this must 
be kept in view in judging of all the physiological properties of the root. Above all, 
it of course depends upon this that the roots really penetrate into the substratum : to 
this end the tap-roots, of seedlings especially, as w'ell as those roots spritigmg from 
stems and destined to become further developed in the ground, are endowed with 

geolropism ; that i.s, the 
•growing' portion, 'some '.milli-, 

. ' ■ . ^ metres/ long, ■ iyi'ug :b'ehi.nd'' 
"the 'growing, point, reac'ts ,tO' 
^ the Influence of .the' gravi- 
i ' ' • tation '' of ..the earth 'iii ■ sucli ; 
Lji a manner, tliat ' tliC' grow-' 
"^'..'../ing, point''' b€co.mes .'■■di- 
rected.' dow'invards' exactly 
^.'■/vertical... ' .This, 'if"' 'the Kiot 
had previously another direc- 
don, is effected by a corre- 
y spending curvature behind 

) the growing point. If such 

a root is placed in the 
light first, it may be also 
^ heliotropic, i. e. it l^ecomes 

■cu.rved at the same' place': 
in such a: way, i'hat'',.,'iliu' 
growing point is directed 
away from the' source of 
light; and both kinds of 
-that the apex of the root 
penetrates into the ground. The same result is yet further secured, by the growing 
end of the root being sensitive to slight pressure and to moist surfaces; the 
growing end becomes concave on the pressed and on the moister side, and it is 
obvious that, under ordinary conditions of life, these two irritabilities also will 
act like the geotropism and heliotropism of the root, and contribute to give the root- 
apex that direction by which it penetrates into the substratum. 

Concerning the origin of roots from shoot-axes, it is frequenth^ to he 
observed that the place of origin of the growing points is alreadj' determined by 
external influences alone, or together with others : it is either the side lying 
towards the centre/^^^^pf the , earth, 'which alone produces roots, in consequence 
of an effect of gravity ; or, in climbing stemSi? it is the shaden! side turned awav 




Fig, 8.— Root of Acorns calaffins. Transverse section of the axial cylinder, with 
surroundinfj cortical tissue; r endoderniis; pericambium ; ph phloem; g groups of 
vessels (strongly magnified). 
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from the light, which is also in general at the same time moister, from wliicli 
alone new roots arise. 

A root having in this way penetrated into the earth, and grown forwards 
perpendicularly within it, lateral roots arise progres- 
sively from above downwards, in the order stated, \ 

These also are geotropic, and sensitive to contact and 

to moisture, but in a different degree from the tap-root : ^ 

their geotropism especially is different; the lateral 

roots are caused by the influence of gravitation 

to grow, not vertically downwards, but obliquely, or 

even horizontally. However difiicult it may be to ^ ^ 

conceive this varying sensitiveness of the different 

roots of a system, thus much is obvious, that 

the entire root-system is compelled to grow into the I 

earth in all directions by it. At a later period, when 

we are particularly concerned with the irritability of 

plants, I can speak in detail concerning the pro- 

perties of roots here mentioned : the point no\v is i 

simply to establish the existence of these properties, ^ Ij' 

and to insist upon their purpose for the life of the ^ 

In this connection, however, there are yet a few 
points of special interest; in the : flrst place stress is 

to be laid upon the fact, that in roots grooving into the ^ 

earth, the portion which is becoming elongated behind ^ 

the growing point is very short; even in vigorous I ^ 

tap-roots only 8--10 mm. long, and in thin lateral j 

roots often only 2-3. This appears remarkable, when j 

one considers that in aerial leaf-shoots and flo\ver- 

scapes the elongating portion is commonly many centi- 

metres long. In the shortness of the root, however, an 1 / 

arrangement is afforded w’hich renders the progress of 1 / 

the apex of the root within the earth considerably 

easier, since the whole force of the push by w^hich 

the growing point is driven forward is concen- 

trated immediately behind it In the long aerial roots 1 

of tropical Aroids, and others, w^here this mechanical I 7 

arrangement is unnecessary, I found, accordingly, a \j 

much more considerable length of the elongating F.a s.-wagr™ of ,h= primary root 


Fig, 9, — Diagram of the priniar}' root 
and lower part of the shoot -axis of a seedling 
of P^im salivnrn (Pea). Cof cotyledons ; 

/, Fundamentally, however, the roots, as we have 

hitherto learned to understand them, are only the' bearers (behind); vis secondary roots at the^sides 
of the proper organs for the absorption of food, namely, v// tertiary roots, 

the root-hairs. These are exceedingly^ delic^te-^wailecl, 

narrow tubes, some millimetres in length and a few of a millimetre in diameter,, 

which grow^ forth from the surface of the , roots in very large numbers. If roots 
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become developed in moist air, they appear to be covered with a brilliant white 
velvety pile, which consists of the densely crowded root-hairs. These tubes are 
simple protuberances of the outermost cortical cells of the root j the} inise on the 
recently developed part, and therefore behind the elongating region. In a root 
about 12-20 centimetres long, they cover, however, by no means the whole surface, 
but only a piece of a few centimetres in length ; the root-hairs in fact die oil 
again after a few days, and completely disappear. It is therefore always only a 
young, but completely elongated portion of the root, which is covered with vigorous 
hairs. If we thus picture to ourselves a root as it grows longer, the posterior 



Fig. 10.— a seedling of Kia’a Faba, fastened bj'' means 
of a needle {n) into a cork {not fig-nred) to show how the 
apex of the root {<?) grows beyond the point of the needle. 
The marks s and lo are to be observed. Comparing H 
with A, point lo is not displaced at all, and 3 but little. 
The growth has taken place chiefly between c and 3. 



Fig. 'Xi.— SeeiUintf 'oi’ AFa 

. (white nmstarUI. A with the pm liclt-s <.,if 
soil clinging to the rontdmirs ; /» after 
their reutoxal by washing in %vatcr. 


hairs die off, in proportion as new ones arise behind the growing aipex : 
thus the part of the root provided with hairs moves forward. If this lakes 
place in the earth, it is obvious that the portion beset with vigt)rous rotiiduiirs 
continually comes in contact with such particles of soil as have !)<‘fr»re remained 
untouched. Now, it is the root-hairs by which the roots become capable of acurally 
taking up the water and the nutritive matters of the soil. As these fine tubes grow in 
between the particles of soil, they apply themselves here and there to thorn so 
intimately and firmly, that they cannot be separated again without injury. I'knv 
necessary this is, I shall be able to make quite clear in the theory of nutriliun : 
so much, however, is understood without further remark, that hy means of this 
arrangement, particles of earth which we may imagine to ourselves in the form of 
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a cylinder of 6-10 mm, thiclcaround the root are called into 

requisition in nutrition. We can demonstrate this at once in a neat and instructive 
manner, if fresh, vigorously growing roots are carefully lifted out of the loose earth: 
the particles, of earth cling so fast to the tract which is beset with root-hairs, that 
they cannot be shaken off, whereas the growing end of the root is quite smooth and 
clean, and the particles of earth also fall off from that part of the root which lies 
behind the hairs, because the hairs have there died off and disappeared. A clear 
representation of the activity of the roots in the earth is only to be obtained when 
we picture to ourselves the richly branched root-system of a large, vigorous land- 
plant, and reflect how the thin root-fibres travel through the soil in all directions, 
and that each thin fibre exhausts a cylinder of earth several millirnetres in 
diameter, and how the absorbing 
part of each root* fibre penetrates 
continually from day to day into 
new, fresh portions of soil, while 
the hairs disappear from the older 
parts of the fibres, because there 
is nothing more there for them to 
seek. It may be added, that only 
by the intimate growing together 
of the root-hairs with the earth 
particles is it possible for transpir- 
ing land-plants still to take up 
large quantities of water from a 
soil apparently almost dry, in 
order to transmit it to the green 
leaves. 

To the most remarkable pro- 
perties of roots belongs the short- 
ening of the tract of a root-fibre, 
already grown to its full length h 
It begins immediately behind the 
place where the elongation has 

ceased, and may then continue the tiibes had dosely applied theni.selves(stron£rlymri^^^^ 

for a long time in the older 

parts. This shortening, which may amount to .10, or even 25 per cent, of the 
original length, is brought about by the parenchymatous cortex, and the axial 
fibro-vascular cord becomes passively drawn together, so that its vessels assume 
a serpentine course, while the outer layers of the cortex, also passive, develope 
transverse folds, which can be easily seen with the unaided eye, especially in 

^ The shortening of roots at the termination of the growth in length was discovered by Filt- 
mann (Flora, 1819^ Bd. 11 . p. 651), again fonnd later by myself (Arbeiten des botan. Inst. Wurz- 
burg, I. p. 419), then brought forward anew in its biological bearing by Irmisch (Beitr. zur vergl. 
Morph. 5. Abtheilung, Aroideae, Halle Xlll.'a. 1874. p. It). Hugo de Vries has furnished a detailed 
investigation of the mechanics of this shortening, from the point of view of more recent knowledge 
(Bot. Zeitung, 1879, P* • • F * ' - . ' 




Fig, 12,— Root-hairs of a with pfirtldes of .soil cliniJingf 

to them. The outlines show the impressioits of the particles of soil to which 



LECTURE TI, 


the roots of bulbous plants, but also on other thick root-fibrt.\s. I't is clear that, 
from tlie ])lace where a root-fibre has closely applied itself to the soil by means of 
its root-hairs, this shortening of the older tract of fibre must tend forciblv to 
draw its point of attachment back to the mother root, or to the part of the stem 


A ^vheat plant dtirinjy .germination. Fig. 14 four weeks older than Fig. i.'j. S the seetl for, properl 
leaf ; IklV apices of roots not yet covered with root-hairs j ee in Fig. parts of root the hairs of whit 
particles of soiI~in Fig. 14 these portions (e) are older and the root-hairs have perished—younger i>ar 
become attached to the soil. 


whence it .. rises. A vertical tap-root Avill thus be drawn tight in various 
directions by its numerous side rootlets, very much as the mast of a ship 
is strained and made fast in different directions by the cordage. This ten- 
sion, arising from subsequent Shortening, shows itself especially in the aih'U 
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roots of many fig-trees, which grow vertically downwards; these hang down slack 
until they penetrate into the earth; as soon, however, as the lower end becomes 
fixed and branched within the earth, the part of the aerial root which is in the 
air appears tightly stretched, like the string of a piano, in consec]uence of the 
after-shortening. It is easily understood that the horizontal branches of the 
Indian fig-trees, from which such aerial roots grow down into the earth, must 
obtain by this mechanism a very firm hold, which becomes enhanced still 
more by the roots referred to growing thicker later on, and becoming woody. 
Much more general, however, is the effect which is produced through the 
shortening of the tap-roots in herbaceous plants. If, for example, the seeds of 
Umbelliferous plants or Composites, or others, are allowed to germinate, thinly 
covered with earth, the seedling shoot at first rises i to 2 can. above the earth; 
after several days, however, we remark that the part of the seedling shoot beneath the 
first leaves is quite sunk into the earth, so that the primary leaves lie on the surface of 
the earth. This change can only have been effected by the tap-root, the under 
part of which is fast anchored in the earth by the rootdiairs, shortening in the 
ground, and drawing the stem of the seedling into the earth. In many cases, indeed, 
this shortening of the tap-root appears to proceed steadily even for years. For only 
by means of this as.sumption can it be explained how the rosettes of radical leaves, 
in plants with so-called polycephalous main-roots, remain close to the surface of the 
earth, instead of becoming gradually lifted up. We have' a very instructive example 
of this kind in the common Dandelion {Taraxacu?pi offiemak). From the upper 
part of the fleshy and strong tap-root spring several shoots, w'hich Continue to 
grow for years, and annually bear a rosette of leaves close to the surface of 
the earth. These shoots grow upwards, though slowly, and yet the leaf-rosette, 
renewed annually, always remains close to the surface of the earth. The phenomenon 
can certainly not be explained otherwise than by the assumption that the tap-root 
always creeps in the soil, and draws down the shoots just as deep as they have 
become elongated above. The case appears to be the same in the species of 
Verhascttni^ in Genitana. hika^ and others ; accordingly, the tap-roots of older plants 
of this kind also present deep transverse folds. 

The creeping of a root in the earth may thus, in some degree, be compared 
with the mode in which an earthworm bores into it : the anterior part becomes pushed 
in forcibly between the particles of earth, while the posterior becomes drawn after it 
by shortening. 

Finally, wc may mention the fact that the roots of vascular plants frequently 
appear as organs of regeneration, since they produce shoots which, growing up 
in their turn into the air, constitute new plant individuals. To the best known 
examples in this connection belong the common Acacia {Robinia pseudacacia) as 
well as Ailanihm glandulosaj from the horizontally spreading roots of which 
young trees grow forth out of the , earth. In a perennial species of cucumber, 
Thladianiha duhia^ the annual regeneration in fact, confined to such root-born 
shoots. On the very long thin root-fibres , -of 'this, plant roundish tul)ers become 
developed, from the upper side of which numerous shoot-buds arise, w'hich grow 
forth the following year above the earth, independent of the mother plant, and 
represent' new plants, I regard it as simply a modification of this process when 
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leaf-forming shoots spring not laterally from roots, but direct from their growing 
points, of which, however, but few examples are known as yet. 

This fact has been longest known in Neotfia Nidus Avis^ an orchid of our 
woods, the leaves of which are not green ; of the numerous and short, stout roots 
of its subterranean stem, some produce leaf-buds from their growing points, the 
root-cap becomes torn and pushed aside, and the root apex forthwith transformed 
into a shoot, Goebel has described the same fact in the root of an Aroid 
[Anthw'itmi Iongifolium)m our gardens^, and apparently the fact is just the same in a 
fern cultivated here {Platycerium Willmghi). In this category we may also place 
the transformation of the roots of Selagineila into leaf-shoots n In these plants, 
belonging to the class Lycopodiaceae among the Vascular Cryptogams, the leaf- 
shoots become branched in a forked manner, and at the points of branching 
appear filiform structures, also dichotomously branched, which in many species 
are at once possessed of the properties of roots, in other species, however, are 
somewhat different from common roots, and are then called jR/i/zop/wn's, because 
they assume the form of ordinary roots only on penetrating the soil In some 
species of Selagineila {S, Mar/enm) mcequali/olia^ iccvtga/a), these rhizophores may 
acquire the form of leafy shoots. 


V Compare Goebel, Bot. Zeit. 1878, p. 645. 

“ Compare Pfeffer, in Haiistein’s botanischen Abhandlimgen, Bonn, I. p. 67, ami Sachs, Lehr- 
buch, IV. Aufi, pp. 171, 470. 


LECTURE III. 

ROOTS {contifmed), 

METAMORPHOSED AND REDUCED ROOTS OF THE VASCULAR 
CRYPTOGAMS; RUDIMENTARY ROOTS OF THE MOSSES AND 
THALLOPHYTES. 

In the last lecture, I kept in view only the typical forms of roots of the 
vascular plants, and their most important peculiarities. According to the mode of 
life of the plants concerned, however, more or less extensive deviations from the 
typical form of root may appear even in vascular plants. These deviations are to be 
distributed chiefly in three categories ; thus, we have in the first place roots which, 
originally quite typical, only modify their form and properties at a later period 
of life, in order to serve special objects for the plant; then are to be noticed 
the aerial and aquatic roots which, from the first, undertake a function more or 
less departing from the normal, and possess accordingly an abnormal organi- 
zation; thirdly, we find in parasites among vascular plants a continuous series 
of degenerations, through which their roots, in consequence of more and more 
pronounced parasitism, finally lose all the anatomical peculiarities of typical roots, 
though the most important physiological properties remain preserved to them. 
And finally we shall consider, in addition to these metamorphoses, the roots of 
Mosses, Algae, and Fungi, especially pointing out that the so-called rhizoids of 
these plants are in fact nothing more than simply organised roots, different, it 
is true, in their anatomical structure from those of vascular plants, but agreeing 
with them completely in physiological relations. 

The first category named above comprehends the lignified older roots of 
Conifers and other trees, the soft, perennial, turnip-shaped roots of many vegetables, 
tme subterranean root-tubers, as w;ell as some aerial roots. They have all 
the common peculiarity of being, fundamentally, typical roots, wFich eventually 
acquire other properties. This is perceived, most plainly in perennial woody 
roots. The tap-root of the seedling of a tree with its first ramifications is, in 
the beginning, thoroughly typical, even with reference to those peculiarities which 
stamp it as a nutritive organ. When,; however, the young tree becomes larger, 
it requires a firmer hold in the ground, and the roots become thicker and more 
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solid, b}' the formation of wood ; as they become surrounded with a cork layer, they 
cease entirely to take up nutritive matters and water from the earth : they are now 
simply organs of attachment, and the function of nutrition is restricted to the younger 
fibres of the root system. In tap-roots thickened to a turnip shape, which, es[>e- 
cially by cultivation, swell up to huge, soft masses of tissue, a tissue, anatomically 
similar to the wood but not lignified, also becomes formed in the ordinary thin 
root-fibres by the activity of a cambial layer: this causes the upper part of the 
tap-root, with occasionally the lower part of the stem, to swell up in a napiform 
manner. Common examples are Beet-root, Radish, Carrot, Chicory root, &€. 
In this case the object is not only to attain greater solidity; these kinds of 
roots are, rather, reservoirs of reserve materials, in which sugar, starch, or 
inulin become stored together with proteid substances, which are employed in 
the next period of vegetation for the production of new shoots. Here, also, the 
function of absorbing nutritive matters remains to the lateral roots, which are 
attached as fine threads to the large tap-root. Lateral roots may also swell up 
to tuberous reservoirs of reserve material, as happens in the Dahlia, Hop, and 
conspicuously in Ipomoea purga and Thladianiha duhia. In many other root-tul'jers, 
the facts are otherwise ; the stout, round or lobed tubers of the Ophydi'iP, which 
furnish salep, and the napiform tubers of the Monks’ hood {Aconiium napellus) and 
others, as well as those oi Ranimcidus Ficarm, are formed at the base of a suhier- 
ranean bud of the stem, and appear forthwith as thick, fleshy, short swellings, the 
root nature of which is indeed not doubtful, which, however, together with the 
other filiform roots of these plants, have, essentially the purpose of serving as 
reservoirs of reserve material for the shoot-buds connected with them. In the 
species named, in fact, the whole plant disappears after the ripening of the huit, 

I with the exception of these tubers, out of each of which a new plant arises in 

the next period of vegetation. 

Of aerial roots, many may be regarded as quite ordinary U’pical roots, the full 
development of which, however, becomes prevented by accidental outward dreum^ 
stances. Thus, the aerial roots of the Ivy, which arise densely crovded atui in 
rows on the shaded side of the shoot axis, are capable, when supplied with earth, 
growing out into long, typical, branched roots, because darkness and moisture fdumr 
their development; usually, on the other hand, where they become loo much dricnl 
up in the air and hindered in growth by the light, they remain simple, short 
However, being sensitive to touch and at the same time negatively heliotri^pic:, 
they cling fast to the trunks of trees, rocks, and walls, on which the shnois climb 
up, and so serve as clasping organs. Very instructive, with reference to the 
capacity of the roots to adapt themselves to outward conditions of life, mv abo the 
long aerial roots of some tropical Aroids (e.g. Monsiera). These roots, arising in 
the bud of the climbing stem, are vigorous, often 6-8 mm, and more ihlvX and 
will develope into ordinary, branched,, absorbing roots, if a shoot is cut off and, siuck 
into the earth. If, on the other hand, they are compelled to grow down ihiamgh 
the air, which sometimes occurs for several meters, they remain quite simple and 
: unbranched, until the apex finally penetrates into the earth, and there pnxhicos 
a much-branched root system. If these aerial roots have the opportunit}' of clinging 
to a wall, a thick stem, <fec., the apex, sopn becomes closely applied to it, anti rocjt-huirs 
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and lateral roots arise behind it, which also cling to the support. The rhizophores 
of some Selaginellas, already mentioned, behave in a manner fundamentally quite 
similar : in them also, the true root-nature only appears when they penetrate into the 
earth. On the other hand, the aerial roots of many tropical orchids, which live on 
the branches of high trees, are specially organised for life in the air. The aerial 
roots are here in the first place clinging organs : stimulated by contact with the 
cortex of the tree, they wind round and become applied fast to it ; at the same time, 
however, they possess the function of conveying water to the plant, and, where 
possible, of absorbing soluble matters. The latter is attained by their putting forth 
root-hairs where they come into contact with a solid body, to v'hich they cling fast. 
The absorption of water is favoured in these aerial roots by the so-called velamen 
arising from the outer layer of tissue behind the growing green end : it is 
several cell-layers thick, and appears as a white spong}- covering, since its cells 
contain air. The cell-walls are capable of imbibing, and are able to absorb not 
only rain and dew, but even the vapour of the atmosphere. The a&'ial roots of 
some tropical Aroids also behave similarly, e. g. species of Anihuriim, Fhilodendron^ 
Fhaphidophora^ Alonstera^ and others. 

As parasitism acts generally in a degrading manner on organisms, and causes 
degeneration of organs, so also in roots; the more decidedly parasitism makes 
itself evident in phanerogamous parasites, the more do their roots lose their ordinary 
typical structure, and at last only amorphous masses of tissue or even isolated 
cells remain, which have still in common with true roots only the property of 
penetrating into the substratum, and absorbing food. By botanical authors such 
roots are termed hausiona, A few examples may further illustrate what has been 
said b 

In our Mistletoe ( Viscum album\ whicli, as is known, lives on the stems and 
branches of apple-trees, horse-chestnuts, pines, poplars, and other plants, the roots 
penetrate, it is true, into the cortex and wood, but chiefly, as one may assume, only 
to absorb water and minerals dissolved in it, i. e. the so-called crude sap, which 
is being conveyed in the wood of the tree to the leaves ; whether the roots of the 
mistletoe, losing themselves in the cortex, possibly extract organic matters also from 
the tree, is uncertain. So much is at any rate established, that the shoots of the 
mistletoe, unusually well supplied with chlorophyll, produce organic materials inde- 
pendently; even tlie roots flourishing in the wood and cortex arc rich in chlorophyll, 
and green ; the parasitism of the mistletoe, as regards its nutrition, is in any case 
o^ily partial, and, accordingly, also the degrading influence of the parasitism but 
insignificant. 

If a viscid mistletoe berry sticks to a young branch of a tree, covered with a 
thin cork layer, the somewiiat large embryo, very rich in chlorophyll, germinates. 

^ The most important treatises concerning phanerogamous parasites are; Franz Unger, y)V/- . 
Inige rAtr Kaintjiiss dcr paras liischcft FJiamen ; Eichler, flu Balanophorccn, in Flora Brasiliensis, 
Ilcft. 47, 1869 ; Graf zu Solms-Laiibach, Uebeg Bm und Entwickhing der Eniakrungsorgam 
pamsitischer Phamrogamen^ in Jahrh. f. Wi'ss,' Bot. VI. p* the same, den Thalbis von 

Piiostyles, Bot. Zeit. 1874, Nos. 4 and 5 'j th^; 'imitTPlk Bniwicklimg dcr Blfithc bei Brugmansia, 
Bot. Zeit. 1S76, p. 449; Imdwig Koch, ' ’Klu und FImhsscidc, Heidelberg, 1S80; Robert 
Hartig; Uber Visrum, Zeitachr, 4'T?!*^t*'tJ3^^,Jagdwesen, Bd, VHU 
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Its root-apes becomes turned away from the light to the branch, the radicle bore 
through the cortex, and makes its way through the cambium to the wood ; if it: 
apex is situated deep in the wood, later on, this is the result of the new wood; 
layers of the branch growing round the base of the root, while this becomes cloii' 
gated a little to a corresponding extent. Lafer on, as it seems, roots arising fron 
the base of the stem grow within the soft living cortex, and from these again latera 
roots arise on the side turned towards the wood of the host : they penetrate througl 
the cambium layer to the wood, are then surrounded by the younger, growing, wood; 
layers, becoming meanwhile elongated to a corresponding extent at the base, am 
now constitute the so-called suckers of the mistletoe. Of these three forma of root 
only those which grow in a sinuous manner Within the cortex, apparently, have a root- 
cap, which, however, even here is not well developed. The anatomical stracture of ilu 


Fig. 15. — Lower portion of the stem {a) of the Mistletoe aZ/uaft). 

axis; i primary root; jf roots growing- in the cortex of the host-branch {c ] ; 
these; ee so-called Hanstoria, roots which penetrate through the cambinjn in 
become surrounded by it later; bb wood of host-branch (half cut across at 
rings (nat; size). 


even the characteristic axial vascular bundle is considerably reduced, and ilie 
adaptive peculiarity of the sucker is especially striking — its growing point 
converted into permanent tissue, while the growth in length, inconsidcral^le it is 
true, is carried on at the part' which lies in the cambium layer of the braiu h of 
the tree. In spite of all this, no unbiassed person'’ will hesitate to regard t!ie>e green 
organs of the mistletoe, even though devoid of a cap and anatomicaliy abnormal, as 
reduced roots, and this is so far of some importance, since here we laive one 
of, the first stages of reduction produced on roots by parasitism. Finall)\ it may 
be mentioned that the Viscum roots losing themselves in the cortex of the host, rc|)re- 
sent very active organs of multiplication: from them spring shoots, whuin breaking 
through the cortex of the tree, come forth into the light, and from these, new roots 
then again run into the cortex, so that as occasionally occurs on old apple-lrees 
the whole tree, from' is infested with the mistletoe. 
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Like the mistletoe, so also are the species of CusciUa parasitic on the aerial 
green shoots of woody plants: their parasitism is, however, complete, since they not 
only possess no roots fastening them into the soil, but they also completely lack 
chlorophyll, and are necessitated to take the whole of their nourishment from the 
host. This they do by means of hausioriaj which arise within the twining stem of 
the Ctiscuia only where this closely surrounds the host-plant, and it is apparently 
the pressure hereby exercised which induces the origin of the Jiaustoria, That these 
latter are to be regarded as reduced roots can hardly be doubtful from all the 
researches before us, as well as from our figure. Not only the place and the occa- 
sion of their origin, but also the primary young stages of these organs, correspond 
with those of typical roots. In the further development, however, a striking deviation 
from these appears. The tissue of the haustormm^ corresponding to the body of the 



Fig. iS.—IIaus(ori7im of Cnscuia on the axial vascular bundle {^')» beneath the cortex 

(rr) of the shoot -axis of tha Cuscuta, ee epidermis of latter; E epidermis of Lintun stem; 

R its cortex; H its ’ivood. The axis of the C/cj-cViAi and its haitsioriitm in longitudinal .section; 
stem of Lmum in transverse section (inagn.) 

root, becomes arranged into a bundle of rows of elongated cells, which, growing 
forward at the end, bx*eak through first the cortex of the Ciiscuia^ and then the cortex 
of the host-shoot, to penetrate to the woody body of the latter, or even to break 
through into its pith. Hereupon, indeed, the cell-rows of the body of the root 
may become isolated as separate threads, which grow into the tissues of the host. 
In the axis of the hamtorium, the axial cord of vascular bundles is also still to be 
recognised, and the vessels of this become fused with the vessels in the wood 
of the host-plant. This intimate union of the hamtorhmi of the Cmcuia with the 
stem of the host-plant becomes aided yiet more by an outgrowth of the tissue of 
the Cuscuta^ which surrounds the hamiorium X^ the form of an annular wall, and 
becomes closely applied to the shoot of the host 

Similar haustoria^ departing still further from the type of true roots, become 
developed on the otherwise typical, foots, branching in the earth, of Thesium and 


28 


LECTURE ILL 



Rhinanflms, green-leaved plants which are parasitic only by-thc-way, and tasien 
themselves to the roots of neighbouring plants by some of their rout-iibivs. We 
find the last stage in the reduction of the root-formation in phaiiti'ogamous pa,ra- 
sites, finally, in the Bala7iophore(E and JRafflesiacecB, in which, as has been mentioned 
before, the vegetative body, seen apart from the flower-shoots, no longer alKnvs 
the differentiation into shoot and root to be recognised. In the Majjh'sidttir the root 
presents amorphous masses of cells, \Yhich become extended in the tissue ol the host, 
and in the BalajiopJiorem their parasitism brings about out-growths of tissue on tlie 


Fig. ij.—A Longitudinal section of the ftowcr 
of Brngmansia Zippelii., the vegetative body of 
whidi is parasitic in the root ipu) of a Cissns. / mzxYt 
represented in transverse section at B {nat. size, 
after Solins-Laubach). 


}'U,. j 

out of which the tuboKujs j 
woody bundles of the h<»sf-rn 
penetrate into the latter; rr, 
size). 


affected roots of the host-plant, which make the union of the parasiu; nhlt ils.';. 
yet closer, and call to mind in many respects the giill-formatiuii.s prodiKc! In 
insects (cf. Figs. 17 and 18). 

From what has been said concerning parasites, it follows that tiu- tspiuil i<K>t> 
of vascular plants may lose their external form and anatomical strucium ( 
under certain circumstances, so that their chief physiological prnpcriies al..nc arc- 
maintained. 

• ■ If we now turn to the more simply organised plants, to the JIos.si-.s and Aljrx-, 
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we tliere find, in correspondence with the simpler organisation of the whole, 
roots also of simpler structure — rudimentary forms of root in w’hich, however, tlie 
essential physiological properties of true roots appear quite as evident as in them ; 
it is therefore, though unimportant in itself, a logical error to distinguish these 
organs of the Mosses and Algae with a special term as Rhizouh^ since it must be 
the aim of comparati\'e organography to name alike organs which are alike in 
their nature. . 

Meanwdiile, with regard to this matter also a few examples must suffice. 
Let us turn first to the true Mosses \ which come so near to the vascular 
plants in their shoot formation. From 

the asexually produced reproductive A 

cell (the spore) of a moss, there arises 

not immediately the proper moss-plant, Oh 

but a much simpler plantlet, con- * ^ 

sisting of jointed and much-branched . 

cell filaments, the so-called Protonema. \ 

Already in the germination, and yet \ 

more in the further growth of this, the ' 1 | 

contrast of shoot and root comes out ( •/ A 

distinctly. While at the one end of the ^ ^ % 

germinating spore a filament containing ^ L. I 

chlorophyll becomes developed, ascend- ^ 1 i\ \ 1 

ing above the substratum or creeping on — 1 \ 

its surface, with branches which in many 71 

respects remind us of leaves, there ap- IS ^ 

pears from the other end of the spore a I ImS ^ 

thread devoid of chlorophyll, which bores H ^ i \ I 

forthwith into the substratum, in certain S 

respects comparable to a tap-root, and 1 \ 

producing, like this, a branch-system of M ^ 

As, however, even in the vascular % 

plants the primary root usually remains ' ^ 

feelde and hpcomes rpidared liv later fig. 19.-// young piamiet (»?) ot n Moss (/?«?*//«) with roots 

iLCUit, cliKl UCCOIIltS itpiacco U} IcUei (y&), the forward growing ends of which {t/t) are attached to granules 

finqino' frnm akn An of soil ; at a a superficial root is putting out branches containing 

UiiCo <.11 it>lJ li Uui LllV ftLClU, SsU cli»U Oil chlorophyll {i, e. A'pAv/c'Wi'J’) ; at /{', a tuberous bxid is situated on a 

the protonema of the moss, roots arise ' 

here and there from the creeping shoot- 

axes, as from the creeping shoots of vascular plants. At the same time there 
arise from the protonema-shoots the proper moss-stems furnished Avith leaves ; 
a process which corresponds to the, formation of flowering leaf-shoots from the 
rhizomes and stolons of vascular plants. Out of the shoot-axes of this moss-stem, 
fresh root-fibres now arise, either from, the basal p^rts only, just as in the Maize 


^ Compare Schimper, Fei:/i<^nAes anatomiqm^ ph^swhgiques sitr ks Mousses, S^rassbiirg, 
1848 ; Sachs, Lehrb. cl. Boi. Cap. Lunbmm^i Harmann Muller, in Arbeiten des Bot. Inst. Wiirz- 
burg, I, p. 475. " .r 
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and other Monocotyledons, or close beneath the growing point of the stem, so 
that this is finally covered by a dense feltwork of roots, like the stems of man} 
tree-ferns. If the-foliage shoot of the moss under consideration is dorsiventral, and 
expanded in an oblique or horizontal position, with the upper and under side dilTcrcntly 
organised, root-fibres arise only in acropetal succession from the shaded side turned 
towards the substratum. In all these points, the rhizoids of the moss completely 
resemble the typical roots of vascular plants; the abnormality consists only in that, 
in keeping with the simple cellular structure of the moss, they consist not of 



Fig. B, C germination of Bunarict hygrontdrica (a Moss); D older seedling creesdng on the • fr, ,'l .d” 

the soil. From the creeping protonema, which branches sAjf, and fontis leafy shoots at ari-,t' u hit h |>« tsi.ti afi' jufo 
the soil. (After Muller ; highly magnified,) 


masses of tissue, but of jointed cell filaments. However, so far as this aruitoinit ai 
structure admits, the relations of growth agree also with those of inie rciofs : 
a long cell occupying the end of the root-fibre of the moss eorrcsfKjmIs lo the 
growing and cell-forming end of a phanerogamous root, and the growth in 
length takes place only, in this one cell ; its free end corresponds to the gn iwing 
point, and further backwards it represents the portion of a root whitli is be^oniing 
elongated. New segments are added to the root-fibre by oblique!}- placed wiilh, and 
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lateral root-fibres arise from them with properties like those possessed by the' lateral 
roots of vascular plants. As the younger part only of a true root attaches itself 
to the soil by its root-hairs, so in the roots of mosses a similar connection appears 
at the young end only; further backwards from this, the cell- wall l^ecomes 
thicker, and takes on more or less the solidity, resistance, and dark colour found 
on the older root-fibres, e. g. of Ferns and Horse-tails. Although the geotropism, 
heliotropism and the sensitiveness to pressure and moisture in the roots of mosses 
have not been hitherto directly investigated, it may nevertheless be concluded with 
certainty, judging from their whole biological behaviour, that they completely resemble 
true roots in all these respects. 

Still more simply organised are the roots of the Liverworts, especially those with 
flat, extended, ribbon-like shoots, e.g. of 
Marchantim. From the shaded underside 
of their dorsiventral shoots, thin-walled, 
narrow, but very long tubes appear, simply 
as protuberances of certain epidermis cells, 
which penetrate deep into the earth with- 
out becoming branched. In the simplicity 
of their anatomical structure, they resemble 
apparently only the root- hairs of the vascu- 
lar plants, with which, in fact, they agree in 
so far that they, like those, are immediately 
concerned with the function of nutrition. 

These simple tubes, however, possess in 
addition the essential physiological peculi- 
arities of typical roots, as is to be concluded 
with certainty from their whole behaviour ; 
their sensitiveness to light and moisture, 
and their origin under the influence of 
gravitation and pressure, are be^rnid 
doubt. We have before us, in the root- 
hairs of the Marchaniim and other flat- 
shooted Liverworts, organs of the simplest 
structure, in which are united all the phy- 
siological peculiarities of the root-hairs and 
rOOt"hodieS of the moie highly Olganised fig. m. — PrO'embryo{/Vo//iaii!'/i«)ofaFern((9j'«f7K?///rt! 

vascular plants, as further proof that these 
physiological properties are quite indepen- 
dent of the cellular structure of the higher plants. The prothallia of Ferns agree 
with the Liverworts, as regards the formation, of roots, 'so completely, that it is 
sufficient to refer to Fig. 21 for the elucidation of both. 

If we now turn to the Algse, we meet with great variety both in the 
root formation, and with respect to all Other relations of organisation. But the 
Algae, with rare exceptions, live entirely in water, and can absorb this and 
the food-matters dissolved in it with .their whole surface; and their roots 
must thus be of very subordinate importance in the absorption of food, whereas 
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the second main function of roots, to be organs of attachment, asserts itself promi- 
nently. 

We may first considerllie genera 
in('liuling 

^ l&i Vl plants which are also highl\ 

H w la organised anatomically; here we 

n \\\~3 f "V find the base of the whole plant an- 

I ^ fasUo Slones, rocks, &c\, b v 

a\ The attempt lo penetrate into a iin- 

I I / / ^ tritive substratum is iiardh' niad<% 

y I since it is superfluous, as has been 

\ I / \ ^ ^ suffices here that the roots 

i 1 1 \ cling as organs of attacdiment to 

Y I f y ; , ■ \V 1 body, since the wlinle 

■.;. '1 '■•b ij 'I surface of the plant takes up food, 

\ •■ •; •• 1 exposed to the brunt 

‘J of the waves. If the student has 

made himself sufficiently acquaint- 
peculiarities of the fypi- 
roots descrii)ed, there cannot 
eM be the slightest doubt that these 

I B organs of attachment of the large 

r® sea-wTacks are roots, in which the 

. ' I’m function of nutrition is a second- 

|B ary matter. Their anatomical and 

■ ||8 ‘ cellular structure corresponds with 

If |M the whole character of the plant ; 

li'fl ■ these roots consist of masses of 

, f '■ tissue as do those of the vascular 

I |1 plants, and they are branched 

1 dichotomously like those of the 

\ ^ Lycopoikuece. 

If we tlien proceed to Alga* 
simpler structure, we meei annaig 
/^ ( i/wi others with the gniU]> t’haruci’a?, 

'w roots of whii h agri'c in must 

W essential peculianlii‘> wiih ihoM* vf 
' Mosses— slmfile celbfibincriis 

with oblique cross-walk, width 
^ . . ' , . penetrate into the subhiriiliim ami 

Ft(x, 22.— Entire plant of Lominaria Ciaii:!-tout. vj root ; s shoot*ax:}s ; 
hh old leaf divided up; b’ b' newly arising* leaf, the tissue cf which oriijjnates bCCOmC blUnched tlu'n'C h'lnallv" 
from the growing point e ; jk boundaiy between new and old (perished) leaf, • - • * _ 

At c, the new leaf is beginning to split ; at x another split portion (rf) torn off, (q nicnticuicd 1 ItTC I lit fOCilS 

(I ilafc size). 

• ' ■ of the non-celliilar Algiu, wkh 

which we have become acquainted already in the genus IJo/rukkm (cf. p. 4). Ii is 
obvious that in these essentially non-cellular plants, the much-braiiclied itKils are 
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not divided into cell-chambers; but it has already been pointed out that this simple 
non-cellular structure nevertheless does not prevent 


them from exhibiting all the essential physiological 
properties of a typical root. 

In those Algae the shoots of which are simple 
segmented filaments, or rows of cells, as in the genera 
(Edog 07 iium^ Cladophoroy and others, the root is usually 
very small in proportion to the green shoot, since this 
small size, with very simple organisation, suffices to 
supply an organ of attachment, the mechanical 
action of which, considering the mode of life of 
these plants, is very little called into play. In the 
genus Spirogyra we meet even with the extreme case 
in this connection, that in the germination of the 
spore the shoot portion becomes vigorously developed, 
while the root end is only indicated, as it were, and 
no longer used even as an organ of attachment; the 
simple unbranched filaments of this alga float, in fact, 
tpite free in the water. Nevertheless the ability to 
form , roots is not wanting in Spirogyra \ if its long 
filaments are cut up, and the pieces laid on wet peat, 
some of their cells put out branched colourless tubes, 
which behave like roots. In this connection we find 
similar cases also in highly developed plants; on the 
one hand, the rooting of severed portions of shoots in 
many vascular plants; on the other hand, the effect 
which continued contact with a solid body exerts on 
the development of new roots, as e. g, in Cuscuia, and 
the gemm^ of Marchaniia, 



Fig. 23.~Developinont of zoospores of 
CBdo^^onitim (after Pringsheiin X 350). A B 
zoospores arising from an old filament; 
C free zoospore (motile) ; D the same be- 
ginning to germinate ; E a zoospore formed 
from the entire contents of a germinated 
svvann-spore ; root and shoot ai*e to be dis- 
tinguished in the latter. 


Passing over finally to the Fungi, it has already 


been mentioned in the first lecture (p. 5), that the mycelium of these resembles 



Fig. 34.— Germination (after Pritigsheim in flora./ no, 30, 1852), / resting zygospore ; // tlic 

same beginiting to germinate; /// further developed .(tJtei: zygospore was enclosed in the cell C of a fiiament on 
which the conjugating apparatus is still visible); <f out«r cellulose Wall of spore; /* yellowish brown membrane; 

I' the third innermost membrane of the spore, which forms the geminal tube ; w first septa of a germinal tube, 
the posterior end (i/j of which grows out a$ a narrow root process. 

typical roots from the physiological point of view ; it has, however, to take up not 
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merely water and dissolved. salts, but also organic food- matters. Apart from certain 
special cases of complex formation of tissue, the mycelium consists of much-bianched 
tubes, which are unsegmented in the Phycomyceies, but in all other cases dir ided by 
transverse walls. From the manner in which these cell-filaments penetrate into the 
substratum, become branched there, and, under certain circumstances, again come 
forth from the substratum, and so on, it follows that the ni}'celium of the Fungus 
agrees entirelv with typical roots in respect to geotropism and heliotropism, and in 

its sensitiveness to moisture and contact. 
■The' mycelium, ''it ''is';'' time,;;;;' possesses'':, .the;; 
property of producing fruit-bearing hyplun, 
which we have already di.stingiiished as 
the formation of the shoot in Fungi. 
'This-, is .not' an,, esse'ntial ■ deviatio■n,'.^:f^o■^l^ 
the' -typical 'roots, since • in many, p'ha lie,-,: 
rogams '.'and vas.cular ■, cryptogams'' 'the 
.■' tende'nc.y exists . i'n a very prominent:; de- 
gree to p'roduce .shoots'. 'OU't' of roots;., and 
we '.-.meet 'further '.with ;the . 'formation of 
shoots out of roots in the Mosses, It 
cannot therefore be urged against the 
root-nature of the mycelium of the Fungi, 
:that .the.'' „ fruit-bearing ."portions' '■orcimarily 
■s.p;ring'..out„"of;;'it 'as '.shO'Cts,' ....This happeo'S. 

, in. .'fact';'even',,in 

■ 'devoid'.,'', of;, chlorophyll— in ,.a ■■ quite . 'si'milar 

.; manner.';^''',' ;■ 

■■ . "Among, the Fungi,. ■■■the,..' group 'oflJcliens 
is distinguished by a very remarkable 
form of ■ p'ara,sitism. ' ■ ". ,The' fungus ■ tissue,. '-''in ■. 
fact, surrounds the Algoe containing chloro- 
phyll which nourish it, so that the latter 
behave like a histological constituent of 
the Fungus, which has now become in a 
'ce.rtain sense a plant contaii.iiiig clilo'ro-,, 
phylL In accordance with this, the siioot- 
formation of the Lichens is also olleii far 
more complete than in oilier Fungi, and 

tificatioii; yors^nn nf attachment, wliich becomes firmiy fixed theilCC folloWS, again, that lU thcOi thcCOU- 
oii the bark of a tree. 

trast between shoot and root i.s more sharply 
e.xpressed than in other Fiinjfi. 

Here too, again, the root ma)’ act not merely as an organ of ;Ut.ichment 
only, but also at the same time as an organ of nutrition. The first is ihe case in 
many so-called fruticose lichens, which are attached by a narrow b.ise to the 
dry bark of trees, e.g. the genus Usnea. The roots of the so-cal!(,-<! foliaceous 
lichens, the shoots of which are extended as flat dorsi-vcntral jiiate.s on the earth, or 
on tree trunks, as in the large genus Pelligtra, a|.)pear not onl}- as organs of attach- 


Fig. 25.— a portion of the foliaceous thallus o 
Pdtigei'a horizontalis. ct apothecia ; r roots (nat. 
size),.. 


Ffn. 'Vi — Lhv.t’d hitrhatci. a friitioosfi liolien. a fruc. 
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ment, but also as organs of nutrition. From these highly organised forms of Lichens 
down to the so-called crustaceous Lichens, the vegetative body of which c^rows in 
the interior of the dry bark of trees, on dry earth, or even on hard stones^we find 
a senes of transitional forms, ending in cases in which a proper formation of shoot 
and root are hardly to be spoken of h 


1. 1 ‘ The reason why I term all these organs roots, will follow sufficiently from the connection of the 

circles, is e;rTirse,T will tf U'^ol^hrif 

exemplified by the words H/ihoids, RhizUies, &c. Where would Zoolog^b^f tefeTonnltctr 

as well as their eyes and wings, were distinguished by such names? Yet the mania for inveS 

names has gone so far of late years, that the root of vascular plants has been termed a hX 
Simply because it has no leaves. a rnaiins, 


LECTURE IV. 

THE TYPICAL FORMS OF SHOOT OF THE VASCULAR PLANTS. 


We distinguish, generally, as the shoot, the vegetative organ standing in op- 
position to the root. There are, it is true, derived (metamorphosed) forms of slioot 
which live hidden in the substratum, as there are indeed derived forms of root also, 
which, abandoning their primitive characters, become developed outside the nutri- 
tive substratum. The primary and most prominent peculiarity of the shoots, however, 
is that they raise themselves above the substratum, in order to fulfil their most important 
vital function in the air (occasionally in water) under the influence of light, that 
is, to decompose carbon dioxide by means of their chlorophvll, and to pro- 
duce organic substance, from which new shoots and new roots may be formed. 
A second function of the shoots, perhaps as essential, consists in that earlier or later 
they bear the proper reproductive organs, viz, the sporangia and sexual organs, 
which are never formed on roots. 

The mode of life, outward form, and internal structure of the shoot depentl 
upon the way in which, according to circumstances, these two main pro!>lems, as- 
similation and the development of reproductive organs, are solved. In many cases, 
it suffices that the shoot containing chlorophyll simply rises above the substratum 
to the light ; it then assimilates, and subsequently developes the reproductive organs. 
Generally, however, a further division of labour appears within a shoot or sltoot- 
system; some branches, as subterranean shoots, store up the jwoducts of the 
simiiation of those above ground, and become transformed into lu.^cTVoirs of 
material, while, very often, certain branches are specially entrusted viih the forniatie*n 
of reproductive organs. That roots also may arise on the shuois, atxording lo their 
mode of life, has already been mentioned several times; they re[avsem- nheiffure, 
the proper body of the plant, on which all other organs appear, as die limbs on the 
trunk of an animal. 

These deviations from the primitive nature of the shoot, and its inctanK)rp!ioscs 
and reductions, go much further, and are far more various than in nsois, and, 
it is not so easy as with the latter to express the fundamental pliv>us!ogi€al 
character clearly and exhaustively. It will be the object of iaier lurtures lo give clear 
ideas of this enormous variety of the development of slioots, by a scrips of examples. 
To-day, however, we shall confine ourselves exclusively to the pet uliarilies of iy|>icaliy 
developed shoots, as they occur in the great majority of vast ulur plains. Whai the 
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non-botanical student sees and knows of the vegetable world, apart from the 
larger flowers of phanerogams, are the shoot-formations which we have here in 
view. They are the so-called stalks or stems/ with the leaves situated upon them, 
and, in order to avoid any misunderstanding, I may add that I shall consider, first 
exclusively those shoots the leaves of which contain chlorophyll. Such leaves are 
called foliage-leaves, and accordingly the shoots are called foliage-shoots. We have 
at first to do wdth these only. A Palm-stem with its huge crown of leaves is thus 



Fig. 27,—-'/ />’ Boirychiani Lunurui. (But]i natural sixe.) w roots; 

St stem; bs leafstalk; x |Joint of branching*' of the leaf, where the sterile lamina (b) separates from 
tlie fenile one {/'). The shoot axis remains in the earth; only its leaves (one each year) come forth to 
the light. 

a foliage-shoot, as is also the upright stem, furnished with large leaves, of a tobacco 
plant. The foliage-shoot generally becomes branched, i.e. a foliage-shoot produces 
new shoots at definite points, which in their turn do the same, and so there arises from 
one shoot step by step a shoot-system, on which every single member is to be dis- 
tinguished as mother-shoot or daughter-shopt,: according as its relation to a preceding 
or following shoot is to be indicated Mother- and daughter-shoots may be like or 
unlike between themselves. The Coniferse, e.g. Firs and Pines, as well as other forest 
trees, and a great number of annual plants, e.g. Thorn-apple, Hemp, &c., are in 
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their aerial parts branch-systems which have become developed from the original 
germinal shoot (Plumule) of the seed. 

As already indicated above, a typical shoot consists of the leaves and the shoot- 



Fig. —Gemination of Indian com {Zea successive ages, /, 11, 

///. A and B the seedling removed from I, with its scutellum sc, ^very- 
where, w primary root ; 7vs root sheath ; secondary roots ; & first 

leaves ; ^ first segment of shoot-axis ; r edge of scutelimn ; c endospenn, 
surrounded hy the pericarp (nat. size. Ct Fig; 5 ). ‘ 


axis, which are, however, in the 
first place not properly to be 
considered as different organs, 
but essentially only as por- 
tions of one organ, altliough, 
by peculiar development and 
further formations later, the 
leaves as well as the shoot- 
axes may assume dislincdve 
characters. Essentially, and as 
the history of development 
shows, the leavCvS are how- 
ever, strictly speaking, nothing 
more than protuberances or 
out-growths of the shoca-axis, 
which, by means of their large 
development of surface, are qua- 
lified to present the c!dor<>|di)il 
contained in them to the ligiu, 
and to the air containing car- 
bon dioxide, in the most ap- 
propriate manner, so that 
the process of assimilation, the 
production of organic substance 
for the whole plant, may take 
place with the greatest possil')le 
energy. In this connection, the 
shoot-axis appears first only in 
the simple character of a su|>- 
port, on wliich these organs 
of assimilation arc suitably 
arranged in large nu!ni>ers. 
The products of assimiLuion 
are also conducted upwards 
as well ns downwards in 
it ; while at the same lime 
water and nutritive mailers 
are conveyed from the roots 
to the leaves tliroiigf'i in llie 
whole structure of a higlier 
plant is only lo Ik* under- 
stood if these mauers are kept 
111 view. 




RELATION OF LEAF TO SHOOT- AXIS\ 


The interdependence of the leaves and their shoot-axes is made especially 
clear at the growing point of the shoot, where it is easy to see that the leaves 
are, fundamentally, only protuberances of the substance of the shoot-axis itself; 
outer and inner layers of the tissue of this form protuberances, the tissues of which 


Fig. 2 (}.~-r)iag^r;in» of a dicotylcflonous plant. / and // embryonic sta^fes; III niter {^crnilnation. <-,r cotylc- 
don.s; 7e, w' rmta ; /x hypocotyiedonons sejfment of shoot axi.s ; leaves ; A buds. The growing points 

are sliaded black, the parts becoming elongated grey. 


are from the first, and during the whole duration of life of the leaf, in complete 
continuity with the tissue-systems of the shoot-axis. A root is connected with its 
mother-root, or with the stem from which it arises, as something extraneous, like a 
parasite which has first to establish its. connection with the mother-organ. The leaves 
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FIG. 30. —Upper end of a shoot-axis of 
Hippuris vttlgaris, after removal of tJjc 
surrounding' older leaves. Above is the 
naked growing” point, from which arise the 
3'oung- leaves visible lower down {mag- 
nified). 


Fig. 3!.— T-ongitudinal section tisrough tin- -trrK 
of an erect shoot of hifpuris vtiiparis. s apex of 
shoot ; h, b leaves (in whorls) ; 4% their iixiil.4rs! 
buds, which become flowers ; .e, a" primary vesseifs. 
The dark parts indicate the cortex, with its ifitcrcel- 
lular spaces. 


leaf-substance, as occurs especiallj with very small leaves, e. g. in the Hi'hginelkr 
and many Cup?‘essmecE, such as Thuja, In the tj^pical development of a shi3rd, 
however, the growth of the shoot-axis proceeds in such a manner that !hi>es 
of the leaves, at first closely cro^vded, become separated, since between eus h two 
superimposed leaves of the growing point, a piece of the shnoi-axis is as ii were 
intercalated, and then attains a more or less considerable length. Sncli a |H>rtinn 
of the axis is then called an m/ermde, or inter-foliar part of the shofji-axis. 
Only among the vascular cryptogams are single cases known {SalrMnv.r') wluTe, 
immediately on the development of the leaves at the grooving p<riiit, ,siu h iiuer- 
foliar parts of the axis with free surfaces are present. One tif the rnnsi striking 
phenomena in shoots, viz. the position of the leaves on their axis, t^an be in part 
explained causally from the fact that the youngest leaves arise at tlie growiu.ir point, 
as said, so close above and by the side of one another, that the whole surface of 
the shoot-axis is covered by them, so that with the growtii of ihc leaves mutual 
pressure must necessarily occur. 
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Yet another, and much more striking phenomenon, however, is produced by 
the crowded position of the youngest leaves at the end of the shoot-axis, in 
connection with a further fact, viz. the much quicker growth of the leaves, as 
contrasted with the elongation of the shoot-axis. This is the formation of Buds. 
By the word bud, we distinguish generally the young condition of a shoot: 
either the whole young shoot, or the young portion at the free end of a shoot 
already further developed, is a bud. Shortly put, the bud is the growing point of 
a shoot, surrounded by its leaves We can thus only speak of buds in connection 



VlCr. iiMputlijolm', Jon^fitudiiial section tlirough the rij'ht s-idc of tliu fertile f.pikc. 

b base of leaf ; n Iigule ; sp sp-oranjjiimi ; ^ piiii.t of connection of the cauUne and foliar bundles ; 

/ air cavities ; ,v series of cells traversing' the cavities (X sso), 

with leaf-forming shoots: in contrast to them, stand the naked growing points of the 
leafless shoots of Algse and Fungi, to which 1 shall refer later. 

I'he development of every new plant individual begins with the production of a 
young shoot ; in leaf-forming plants, therefore, with the formation of buds. Thus 
there arises, even in the embryo of the vascular plants as soon as any organs become 
recognisable on them, a bud (the plumule), and in the same way the development of 
any new shoot, after a growing point has been formed, consists in the development 
of a bud, whicli then grows out further, at once or later. While the growing point 
itself, just as tiie youngest parts of the, shoot-axis on which leaves are already 
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situated only grows very slowly in length, the growth of the young leaves is on the 
leTLd L'ch more'vigorous; as each older leaf lying further back from the 



FIG. 33.-Apical regions of two primary shoots of Apex VM.. 34.~Lnng,t»dmai m ftiun t! oud'- rite 

of the very small-celled growing point, from which the leaves ^ b>, apical region of the primary stem .d r.m i 

?/Varise as imilticelhilar protuberances, tvhich soon surround the stem. aimuus, immedi.itdy l-eiV^re Uie .k-v. --pm- m ..t 

nnd envelope it and the younger leaves like sheaths. In the axil of the flowers, .v apex of the bo ..id gr- wM«g 

the third youngest leaf b\ the very young rudiment of a branch is point ; b, b youngest leaves ; r vertex ; i Uh. 

visible as a roundish protuberance (cf. Fig. s). 

growing point has a start of all the younger ones, and as, at the same time, each 
older leaf is arched concave inwards and envelopes the younger more or less, 

leaf thus lying on leaf, a bu!l.>-like !K>dy, 
the young shoot, is formed. If this 
now becomes further unfokied, the leaves 
expand according to tiieir succession 
in age, attain their complete develop- 
ment, and become thrown oulwartls, 
while at the same time the corresponding 
segments of the shoot-axis are further 
developed. Sometimes the bud consists 
only of a few very young lea\k‘>. as in 
the climbing-buds, of the' Iwy. in others 
cases, ^ilowever, dozens of leaves and 
internodes are found in the biul state. If 
the period of vegetation is iiiieirupicH;! 
'.'by the winter, the biitl may maintain iis 
form, simpl}^ because the further cle- 
.velopment of the parts is clisconiiiniecl, 
until, with fivoiirable weaiiicr, the older 
parts of the bud again t'cgiii lo grow, 
and new ones are forineil lU the gromdng 
point; e, g. in our so-called Acacia {Robinia psemhmu'ia) and the Arbor vite 
{Thuja), In the majority of trees and shrubs, however, peculiarly orgaiiiscii winter- 



Fig. 3S.“~Longiludina] section of the fruit of Zea Mais (X 6). 
c pericarp ; « remains of stigma ;/f base of the fruit ; dense 
yellowish portion of endosperm ; erif wliiter, less dense por- 
tion of endosperm ; sc scutellum of embryo ; ss its apex ; c its 
epithelium ; k plumule ; tu (below) primary root ; ws its root- 
sheath ; 7 V (above) secondary roots arising from the first inter- 
node (j/f) of the embryonal stem (cf. Fig. 27). 
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buds are formed, which are situated at the end or at the sides of the branch as special 
organs. When a winter-bud is about to be formed at the end of a leaf-shoot, 
e, g. of a Fir, Oak, Horse-chestnut, &c,, the development of foliage-leaves suddenly 
ceases, and a number of corresponding leaf-rudiments assume the scales, 
which tightly surround the younger parts, and are often glued together with resin or 
balsam. Very commonly, it is the lateral shoots of woody plants which on their origin 
assume at once the form of winter-buds, and commence with the formation of scale- 
leaves. In some special cases, as in the Fir and Pine, the apex of the shoot which 
becomes developed in the next period of vegetation into the leaf-shoot, is already 
present in a quite embryonic state, enveloped by the bud-scales. In other cases, 
again, as in the Florse-chestnut and our fruit trees, we find already in the autumn, 
wdthin the winter-bud, not only the end of the young shoot, but a branch-system, 
with flower buds and more or less developed foliage leaves, and all these parts 
already so far formed, that the first \varm days of spring suffice to bring them to 
complete development, after the bud-scales 
have opened. 

In herbaceous plants it often occurs 
that all the organs produced in one 
period of vegetation — root, shoots, and 
fiow’ers— completely disappear, and that only 
a few buds, with or without enveloping 
scales, remain over the winter; and, de- 
veloping in the next spring and forming 
new roots, represent a new transitory 
plant individual. So it is in many water 
plants, as Aldravanda vesiculosa and Utri’- 
cularia, and many land plants, where 
the bud, remaining behind in connection 
with a reservoir of reserve material, repre- 
sents a tuber, capable of germinating, as in 
our species of Ophrys^ in the Arrowy-head 
(Sagitiaria), Crocus vermis^ and in Ficaria 
ranuficuloides, &c. Strictly speaking, bulbs 
also are only peculiarly developed persistent 
buds, tlie outer leaves of which are thick, 

swollen, and filled with reserve materials, the substances which are used in the 
beginning of the period of vegetation for the development of the young shoot- 
rudiments in the interior of the bulb. One need only cut through a common 
kitchen onion {Alliimi Cepa\ in the direction of its length, or a Hyacinth or Tulip 
bulb, in autumn or winter, in order to recognise the state of affairs at once. 

Entering now more closely upon the study of the organisation of the shoot, 
if is better to consider the shoot-axis and leaves separately. No one will wash 
to compare the organisation of the leaves. with that of the root; but the typical 
form of the shoot-axis, with its cylindrical dr prismatic figure, suggests a comparison 
between it and the root. In spite of this external similarity, however, the organisation 
of the leaf shoot-axes is very strikingly different from that of the roots. If the fully 
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possesses inter-foliar parts, as is usiialh' tlie ca.'-c, these aie 
a well-developed epidermis, which is in its turn covered by 
ted by stomata. Hairs also of the most varied form, prickly, 
are very common appendages. If the ty]_dcal leaf-slioois are 
ral or many years, their epidermis becomes soonci oi latci 
L cork layer, a so-called periderm, which caiiiCv^ on the main 
-mis {viz. the prevention of the loss ol water hy eva]K>ration), 


Fjg. 3S.— Alcilian lonj^UiKlinal st:cti>»n ‘Jirt-uj'l! a 
wifttef bud of the Horsc-chesnuit 
in, k, r pith, wood, and cortex of shout'.'ixsH {vr} fit the 
cedinsf year ; jtj bud scales; // ynnn.tj iMii hj 

middle is the 3'Oiing infiorescence- the dotti,*! spai.®: I* 1 
with woolly hairs. 


Flce 37.— Median longitudinal section througii a sttiall 
winter bud of ..•/('//iy pectinata, ss scale-like enveloping' 
leaves, which arise from a cup-like outgrowth of the 
cortex (w) of the preceding year; z pith of the new 
rudimentary shoot; v its growing point. 


In the interior, the young shoot-axes consist of a l>a.sis of siiccuient |xir- 
enchymatous tissue, in which run a few or very many vascular bundles, often abo 
sclerenchymatous cords. While in the roots the vascular buiulles are into a 

single axial strand, surrounded by the parenchymatous cortex of ihc roof, {he \a>cuLu‘ 
bundles of the shoot-axes on the other hand run, primarily at leasf, as isolaied. 
filaments, the upper ends of which curve out into the leaves, while iheir f jv.er 
ends attach themselves to the middle parts of the preceding Imndles. (July in 
rarer cases, e. g. in some water plants {Ilippuris) and a few Cn’ptogains (J/.er.o7-,r, 
Pilularia, &c.), is the shoot-axis traversed by an axial strain! n!‘ vastailar 
bundles, a so-called cauline bundle, to 'which the bundles of the leaves I'ctienic 
attached. Thus, in contrast to the roots, each single vascular hundle of the sliooi- 
axis is surrounded by parenchymatous ground tissue. If siiuot axes, hmvcver, 
form true wood later on, which in fact only occurs in the Crndfera? ami 1)1 cay- 
ledons, then a so-called Cambium-layer arises, which is dtnekipcd in pan in the 
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vascular bundles, in part in the parenchyma between these, and fronv which true 
wood-tissue is produced towards the inside, and so-called secondary cortex towards 
the outside. In this way, the originally tender shoot-axes of the plants named become 
transformed into solid, persistent, wwdy stems and branches, from which the leaves 
fall later on, and which serve henceforward only as supports for the shoots exislino- 
for the time being. In the stems of Palms and Ferns, such a secondar}' formation 



FIG 3g.~CyrrH.i7’t’r;iJ/s: A corn seen from above, .S from below, C from the side, and in lon}ritudinal section. Tlie 
ring-like lines of insertion of the cataphyllary leaves are seen at and at k, k the axillary biuls belonging to them ; b 

})ase of decayed flower- ami leaf-stem, by its side hk (in C), the bud which will replace it, from which a new corm am! flower- 
stem will arise. D longitudinal .section through this bud; «, « its cataphyllary leaves; I, I foliage-leaves; h bract; 
^ perianth ; anthers ; a bud in the axil of a foliage-leaf. 


of wood and cortex by means of a cambium docs not take place. In them, the 
shoot-axis is at once from the beginning so thick, and so penetrated by bundles 
and layers of elastic fibres, that it is able, with progressive elongation of the 
sterns^ to bear the burden of the leaves arising 
at the apex. It would carry us much too far 
to go more closely into the anatomical and 
exceedingly various relations ef organisation 
of shoot-axes. The main jioint for physiologi- 
cal consideration is, that, as supporters of the 
leaves, and, later on, of entire and often huge 
branch-sj'stems, they must possess not only 
the necessary solidity, which is afforded 
by true wood or ]>y numerous bundles of 
elastic fibres; but provision must also be made, 
that the water taken up by the roots, ascend- 
ing in the woody })art.s, is not e\'aporated on 
its way through the stem and the shoot- 
axes. This is suiTiciently provided against 
in younger shoots by the epidermis, in older 

ones by the cork-periderrn, and in the very old ones by the solid bark. Another 
function of the shoot-axes is, finally, to convey the substance assimilated by the foliage- 
leaves, on the one hand to the root, and on the other to the buds and shoots ; this is 
accomplished in part by means of the ‘ so-called phloem (soft-bast) of the vascular 
bundles, or the secondary cortex, in part by the parenchymatous fundamental tissue. 

If the variet}' of form of the -shoot-axis makes itself evident especially in 




Fig, ao.— Bud in interior of buSb ol A Ilium Ce^ay after 
removal of the scales, st broad, short part of stem on 
which the scales are inserted ; I (in A) lamina; sk the stiJl 
short sheatli of foliage leaves. In B the outer leave.? have 
been removed, and an axillary bud {k*') comes into view 
in addition to the tenuinal bud k'. 
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its anatomical structure and in its formation of wood and cortex, m^ the leaves 
of the shoot, on the other hand, it is especially the outward form uliich 
exhibits in astonishing variety the unbounded formative tendency of vegetable 
substance. I may well expect from my readers that the ordinary external forms 



Vie. j^i.—Uemaits I'iitceiia {after Nagelj). End of the FlCh ofthr v.jm uhii iu,-..; !- »- m .j 

shoot rendered transparent, to show the course of the njonocotyk-donou's shoot oi shr F'.;;.?;* /• 

vascular-bundles (leaf-traces), which curve out above into growing point; .w shos^-a'Kk ;/•/ lu.-.-m 41. 

the (removed) leaves. (After Ealkenberg.) 


of foliage leaves are to some extent familiar to them; that the}* know ilie thief 
division of the same into lamina^ petiole and sheaik ; that tlie term siipuk, aiiil 
further, the terms eniire^ divided^ lohed^ pinnaJifid^ compound Icaws. kc., arc iK>t 
quite strange to them. On the other hand, it accords with the main oi'ijeci of iliis 
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ba{,)(>i-a\ih, as wcii as, nnafiy, oi protecting tnese thin lamellae or tissue against 
; torn under the influence of the wind. Ali the relations of organisation of the 
:e leaves are intelligible from this point of view. 

] he epidermis of foliage leaves is the most completely organised which is 
1 on plants. On their upper and lower sides, it envelopes the thin lamella 
•isue containing chlorophj'll : it protects it by means of its elasticity and 
ty: its strongly developed cuticle prevents a too rapid evaporation of the 
flowing to the mesophyll : its innumerable stomata, the openings of which 
t or close according to need, allow to the watery vapour arising in the inter- 
xr spaces of the mesophyll a passage out into the atmosphere, regulated 
ding to need, and at the same time facilitate the entrance of the carbon 
le, and, after its decomposition^, the exit of the oxygen. Flairy coverings of 
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the most varied kind — prickles, stinging hairs, woolly hairs, and glandulai haiis 
protect the leaves against too intense sun-light, against too strong cooling, and 
against numerous attacks of insects, &c., according to the biological lelatiuns of 
the plants concerned. Of great importance to the function of the foliage 
leaves, and consequently to the existence of the whole plant, is the so-called 
venatmi. The essential parts of this are the vascular bundles, which, bending out from 



the shoot-axis into the base of the leaf, and running through the pcticile whcfii it is 
present, become branched in the leaf-blade or lamina. It depends solely and 
simply upon the nature of the leaf what , the form and importance of its vcruititm 
shall be. In the first place, the vascular bundles of the leaf venation have the tluty 
of conveying the water, laden with nutritive matters, to the assimilating meso|>hyik 
and of conducting back a part of the products of assimilation into the shoot-axis. 



THE VENATION OE LEAVES. 


If the leaves are small, and already rendered sufficiently stiff by means of their 
epidermis, the vascular bundles lose themselves within the mesophyll to fulfil the 
functions named, and little or nothing of the venation is to be remarked externally. 
The venation is the more prominent, however, the larger the leaf surface and the 
thinner the leaf tissue. For in this case it is no longer merely a matter of the con- 
duction of water and the carrying away of the products of assimilation, as in 
small, thick and stiff leaves ; it is now, rather, an important function of the 
venation to keep the thin lamina of the leaf expanded flat, much as the ribs 
of an umbrella extend its thin covering. This purely mechanical office falls 
essentially to the mid-rib and to its stronger ramifications in the leaf: the vas- 
cular bundles of these are surrounded by more or less thick layers of succulent 
and tightly stretched parenchyma, and their epidermis is further supported by 
elastic tissue. These so-called primary veins of the leaves project on the under- 
side as strong ribs ; their rigidity (upon which 
almost everything depends), is due to strong 
tensions between the succulent parenchyma 
and the epidermis. By their growth in 


Fig. 43.— Venation of the !eaf-like shoot of Rttscus 
a Monocotyledon (after JEttingshausen) . 
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to protect the leaf from rupture. This problem is not satisfactorily solved in all 
leaves: the. large, sometimes gigantic leaves of the Banana {Hfitsa), Sireiifzia, 
Ravenala^ &c., are provided with so inadequate a venation, that not only in our 
inclement climate, but even in their milder native home, they become torn by 
the currents of air; so that the broad leaf surface (3-6 m. long and 0*5 to 
I ni. wide) is regularly slit into a number of lobes and shreds, still held together 
only by the powerful mid-rib. From this, innumerable lateral veins proceed, 
close to one another, and parallel, and directed perpendicularly towards the 
margin of the large leaf, to end there without adequate connection. When 
the wind 'whips the large leaf surface, it tears from the margin inwards, like 
an unhemmed flag, and the slits go parallel to the lateral veins up to the mid- 
rib. The large majority of leaves, on the other hand, and especially very thin 

WA lie piiiAil by 111 iHi A illilbi- 


Fig. 46.— Venation of the leaf of SaUx 4^randj/'o/ia 
{after Ettingshausen), 


VARIETIES OF VENATION. 

a merely superficial or formal one, but completely describes the fact itself, 
since this mechanical arrangement of the venation has a similar mechanical 
significance to that oi the arch-piers of a bridge. We find this double or triple 
arch system perfectly evident In the . leaves of Tobacco, Catalpa, and the 
Tulip-tree; less evident in those of the Rhubarb, and in Asarum (Fig. 43), 
and Salix grandifolia (Fig. 46). This arrangement is also well seen in the 
individual leaflets of the Walnut-tree, as well as in the large leaves of NymphcBa 
alba, floating on the surface of water : and it is expressly to be remarked here, 
that leaves floating on or in water must be insured against being torn by the 
shock of its waves, in the same manner as aerial leaves are protected against 
the wind. 

In the large thin leaves of the Dicotyledons we find, however, besides the 
arrangement named of a single, double, or triple arch system, quite another form of 
distribution of the ribs, in that the side ribs spreading from the primary rib run 
out straight to the margin, and terminate there. Out of these spring secondary and 
tertiary lateral ribs, which behave in exactly the same way; so that the leaf 
margin is met by a very large number of ribs coming from the interior of the 
leaf and terminating in it, which are supported beneath the margin by feeble cross- 
connections. It is obvious that this arrangement offers less guarantee for the 
solidity of the leaf margin than that described above. Nevertheless, it is often 
enough very distinctly developed, e.g. in the foliage leaves of the common Bottle 
Gourd, in those of Coryius colurna and maxima, and in the floating aquatic leaves 
of Euryak ferox, Tliis form of venation asserts itself much more distinctly in many 
Ferns with dichotomously (forked) branched ribs {Scolopendrium, Aspiditm spinu- 
losum, Osmunda regalis, Sea,). Mixed systems, according to both the principles 
named, are also frequently to be observed^ 

A much rarer form of distribution of the ribs for protection against incision 
is found in the magnificent leaves of Cyamphyllum formosim, and also in a 
monocotyledonoiis plant — Smilax sarsaparilla. In the lanceolate lamina, close 
to the right and left margin, and proceeding from the base of the mid-rib, a 
thin rib runs on each side, which is again united with the mid-rib at the apex of 
the leaf. Further removed from the right and left leaf margin, a strong rib 
then rises on each side, also springing from the base to the apex of the mid-rib. 
Starting from the miil-ril), numerous ribs pass across right and left through the leaf- 
substance to the two last named, and in like manner from these over to the marginal 
ribs; and the fields of the leaf-surface so formed are reticulately penetrated by 
numberless water-veins. This venation, also occasionally occurring in Dicotyledons, 
leads us to the majority of the broad monocotyledonous leaves, e.g. of Folamogelon 
jtalans, Alisma planfago, Miajanihemum hifalimn, Convallarialahfolia, and others, where, 
proceeding from the base of the mid-rib, two, three, four, or more lateral ribs arise, 
which run in an arch-like manner to the apex of the leaf, approximately parallel to 
the leaf margin. Feebler cross veins then often divide the longitudinal bands of the 
lamina thus arising into smaller fields. , In the commonest form of monocoty- 
ledonous leaves, however, wliere the ■lamina-: forms a long narrow band, as in 
the Grasses, Lilies, and Dramms, a number of weak ribs run parallel with the 
leaf margin and llie mid-rib" to the, apex ■ of the leaf— an arrangement which 


52 


LECTURE rv. 


thoroughly satisfies the requirements in the face of the danger of transverse and 

longitudinal tearing. ^ ^ 

If we now return to the broad dicotyledonous leaves, we find, first, those the 
margin of which is coarsely toothed, or variously incised and lobed. In such 
rases as the leaf of the Vine, Peiasites albus, and many others, the course ot the 
ribs resembles the second case described above, e. g. that of Cucurhta. The lateral 
ribs spreading from the mid-rib, as well as their secondary ramifications, run 
direct to the leaf margin, and generally end in a prominent tooth of the^ same : 
this occurs also in small toothed leaves, e.g. of Viburnum laniana. Inside the 
depression between the teeth, in this case, a smaller vein generally ends ; or two 

small lateral veins meet here at an obtuse angle. 
With this arrangement, also, the arch-like mar- 
ginal connection of the lateral veins may again 
be mixed. 

If we now pass to the divided and co!i> 
pound leaves, the important question is whether 
the different parts of the lamina have each a con- 
siderable extent of surface, as in the Walnut, or 
whether they are small and narrow. In the 

first case, the venation has the same mechanical 
function as in large, entire leaves ; in the second 
case, on the other hand, as in the finely divided, 
doubly and triply pinnatisected leaves of many 
Umbelliferoe ificmimnyAnihrmu^^ tlie Milfoil 
and others, a connected leaf-surface, and a 
tearing, of it from the edge Inwards, are 
hardly to be spoken of, and the corresponding 
arrangements of the venation d5 not exist 
same is the ease also in the great majority of the 
finely divided leaves of Ferns ; where, moreover, 
the leaf tissue already possesses considemble 
solidity on its own account 

If the mechanical principles of leaf-venation 
here made evident are kept in view, it is always 
easy to understand the distribution of the coarser 
leaf-ribs, even in cases not here considered. It is further obvious that in 
very small leaves, as those of the Lycopodiacese, most Conifene, and many 
Dicotyledons, the mechanical arrangements described would be quite superfluous ; 
and consequently they are not present. In the same way it is clear that in very 
stiff leathery leaves, as those of the Oleander, the mechanical aspect of the venation 
becomes wholly insignificant in contrast to its importance in connexion with the 
carrying to and fro of nutritive substances; and that finally, in the so-called suc- 
culent plants, the foliage leaves of which are very thick, and sufficiently solid besides, 
nothing at all is to be noticed of the mechanical venation. These consuieraiions, 
however, teach us at the same time how fruitful is every conception of organic 
forms based on the principle of causality, as contrasted with the merely formal com- 



Fig. 47.— Venation of the leaf of Convatlaria 
latifolia (after Ettingshausen). 
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pajison of the same, Ettingshausen has in the latter sense described thousands of 
leaf-venations, without arriving at any important result whatever; while our simple 
principle, acgording to which the leaf-venation fulfils, on the one hand, the carrying to 
and fro of nutritive matter, and, on the other, the mechanical office of keeping the 
lamina tightly extended and protecting it from rupture, affords a very clear insight 
into the variety of forms here prevalent. 

As regards the mechanical arrangements, however, we have yet to refer to one 
point hitherto not touched upon. It is quite a common phenomenon that small 
narrow leaves are situated immediately upon the shoot-axis; 
while the majority of large, thin leaves of aerial plants, as well 
as of aquatics, are fastened on more or less long and thin 
stalks. I see in this disposition a further expression of the 
mechanical principle in the organization of the leaves: for 
it is at once obvious, that the described arrangements of the 
venation against rupture by the wind, or the wave-shock of 
water, are necessarily aided when the large thin leaf-surfaces 
swing on elastic movable stalks. Storm and wave-shock 
hardly affect the lamina when it is situated on an elastic 
stalk which yields readily to the pressure of the wind 
or water current, and turns so that the leaf resembles a 
weather-cock rather than a common flag. If, on the other 
hand, the leaf is situated on the axis without a stalk, all 
depends uj)on whether the axis itself is flexible and elastic. 

If we now reflect, that an extremely important feature in the 
general appearance of plants consists in whether their leaves x>^^.V<sx^\{Admnium\, 
are small or large, whether they are entire or divided, whether 
they are stalked or sessile, &c., it is obvious that we obtain by means of the 
mechanical principle here expounded, a right understanding of one of the most 
striking and widely extended phenomena of the vegetable world. And if we ask, 
finally, why it is just in the case of the foliage-leaves that this mechanical principle 
is so clear!}’' manifested, the answer is already given above : it is simply a matter of 
presenting the chlorophyll cell-tissue of the plant to the light in the form of a very 
thin lamina, and at the same time of providing that by means of a regulated 
evaporation of water out of this lamina the food-materials taken up by the root 
also flow to the leaf h 



Fig. 48, —Venation of the leaf 


^ In accordance with the purpose of the present book, I must refrain from the treatment of the 
venation of leaves more in detail, although there is much temptation to attempt to refer these 
relations of organization, so obvious but hitherto not underetood, to a principle so simple as 
that indicated in the text, Schwendenet {Das rmshanische Princip im anat. Bau der MonocotyUn. 
Leipzig, 1S79) has also concerned himself, it is true, with the rigidity of leaves, so far as it is based 
on the anatomical structure of the transverse section, but has scarcely noticed the relations pointed 
out by me in the text. Compare also Haberlandt in Jahrb. fur wiss, Bot. Bd, XIIL pp. i 5 o, &c, 
I ho|3e later to establish fiirllier the short noticed given in the text, in a detailed exposition. 



LECTURE V. 

METAMORPHOSED AND REDUCED FORMS OF SHOOT OF THE 
VASCULAR PLANTS. THE SHOOTS OF MOSSES, ALG^, AND FUNGI 

The further, with progressive division of labour in the body of a plant, the 
particular biological role assigned to a shoot becomes removed from that of the 
typical leaf-shoot, the more its external form, internal structure, and irritability also 
are modified. A deeper study of these metamorphoses and degenerations of the 
shoot might easily lead to a very long series of monographs of the most various 
plants; we must content ourselves, however, with a condensed survey of tlie more 
common cases. 

Let us first consider some modified forms of sub-aerial shoots, among which 
those of the so-called Succulents are distinguished in that, while they possess 
massive shoot-axes or leaves, a surprisingly small extension of the surface is 
produced ; in contrast with the slender, graceful structure of the typical leaf- 
shoot, we have thus to do here with stout, massive forms. By means of this 
constitution, the succulent plants are enabled to live, even in hot dry air, vith a 
small supply of water from the earth; of course at the expense of tlieir increase 
in body- weight, since the small development of surface al]o\vs such plantvS onl}* a 
relatively inconsiderable superficial extension of the chlorophyll, and accordingly 
a less plentiful production of organic substance. 

Confining ourselves first to the very decided cases of succulence, this may 
appear either in the shoot-axis or in the leaves. 

In the succulent shoot-axes, the leaves, although formed at the growing point, 
usually become partly or wholly arrested later; the developed shoot tlievi consists 
only of the leafless axis. This is the case in the true Cactus forms, Evkimcaeius, 
Mamillaria, Cereusy Opunthy &c., the shoot-axes of which resemble either roundisli 
■tubers or thick prismatic bodies, on the, surface of which the places whence the 
leaves" have disappeared are marked by tufts of hairs and prickles, situated on pro- 
jecting cushions or ridges. Occasionally, the sh6ot-axes of Cadi also assume flat, 
leaf-likeTorms {Phyllocadus, See.). In other families, succulent leafless shoot-axes are 
found in individual species, the habitats of which are favourable to such an arrange- 
ment. Thus we have Cactus-like forms in the family of the Asclepiadaceae in the 
African genus Siapelia; and in the genus Euphorbia in a series of species likewise 
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African, as Etcphorhia canariemis^ glohosa^ Caput medusa:^ <S:c, The assimilating 
tissue containing chloroph}!! is, in these leafless succulents, extended in the form of 
a very thin layer beneath the epidermis of the shoot-axis. 

We find weak, thin shoot-axes, with very succulent leaves, in . the family 
of the CrassulacCie, and in the genus Mesemhryanthetnum ; among the Mono- 
cotyledons especially in the genus Aloe, and here and there also in other plants. 
The leaves in these cases entirely give up their usual expansion as thin laminae ; 
they become thick, tuber-like, or prismatic, and so forth. The parenchyma con- 
taining chloioph}!! foims also in them only a thin layer extending beneath the 
epideimis, ^\hile the main mass of such leaves consists of colourless, succulent, slimy 
tissue. 


In contrast to the Succulents, there are also plants the shoot-axes of which 
remain thin, and possess abundant chlorophyll beneath the epidermis, while the 
leaves are all arrested as small scales; so that here also, as in the Cactus-like 
succulent plants, the shoot-axes themselves undertake the function of assimilation. 
Such plants are found in various families of Phanero- 



gams ; among the Papilionacese, e. g. Spariium junceum, 
and among the Scrophuiarince, Russelia juncea, &c% The 
whole Cryptogamic class Equisetacem (Horsetails) also 
belongs here, as well as the genus Peiloium included 
in the L}xopodiacete, 

Especially instructive, with reference to the relations 
between axis and leaf, are the plants which produce so- 
called Cladodes. Tiiese are shoots, the leaves of which 
are arrested as very small scales, while the shoot-axes 
themselves assume the flat form of ordinary leaves, to 
such an extent that an unpractised observer would un- 
doubtedly take shoot-axes of this kind for ordinary 
foliage leaves. Among the Monocotyledons the genus 
Rusms from the family of the Asparaginase, among 
the Coniferse the genus Phylhdadtu from the familv 


Fig, if),->-‘Ruscits acuUcctus (after 
Duchartre). a main shoot of the usual 
form; cid the leaf-like lateral shoots 
(cladodia) on which the flower shoots 
(./f) are situated. 
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climb up foreign bodies, usually other plants. In the Ivy, for example, and Ficus 
scandens, this takes place simply by the shoot-axes attaching themselves firmly to 
tree trunks or walls, and fastening themselves by means of clinging roots. Much 
more perfect is the arrangement for climbing, however, in the foliage shoots of 
twining plants, where, in the long drawn shoot-axes, a tendency to spiral curvature is 
combined with the irritability for the geotropic influence of gravitation^ by which 
shoot-axes of this kind are caused to wind themselves spirally close around upright 
poles, stems, or branches, and so push their leaf-forming buds continually higher. 

Well-known examples of such twining 
plants are; the Hop, Bindweed 
vulus)^ {Phaseohis)^ and Fiosmrmv''^:: 

We find the most perfect mechanism of 
climbing shoots, however, in the tendril- 
plants ; the leafy shoot-axes of w^hicli are 
likewise so thin and flexible, that they are 
not able to support the weight of leaves, 
flowers, and fruits. Such plants, therefore, 
just as true twining plants, must climb 
upon shrubs and similar supports, since, 
if they find no opportunity of doing this, 
they become arrested. The climbing 
organs, now, are simply the tendrils. 
These are long, thin, filiform organs, 
which, by the continual contact of a thin 
solid body, are induced to wind fast around 
■it,: ■ so that:' ■ at' the ■ same," time''':' the:-;' whole ■ 
■leaf' shoot '.is ' caused ' tO''.elevate', ■its'''':a'pex, 
higher and higher. Such sensitive tendrils 
may be developed in very different ways; 
sometimes it is the long thin stalks of 
the proper foliage leaves themselves, which 

FIG. go.— Apex of a shoot of Akeb£a qidnata, growing- . i i • • -t 

out beyond the supporting rod; four free spiral turns have Wind arOUnd tllCir SUppOftS, ES IH tllC 

Spanish cress {Tropceohmi)^ Ckmaiis^ Mlau- 
randiaj Fumariai Solatium jasminoides^ &c. In other cases, it is the elongated mid- 
rib of the foliage leaf, with or without ramifications, as in Nepenthes^ Cohea scandens^ 
Pzsum saiivum (Pea), and species of Vetch {Vida). Finally, also, metamorphosed 
shoot-axes, with entirely arrested leaflets, may occur as irritable tendril filaments ; 
thus, the tendrils of the Vine and the Virginian Creeper (Ampelopsis) are meta- 
morphosed lateral shoots on the normal leaf shoots of these plants. They may in 
fact be considered as flower shoots degenerated to climbing organs. To the same 
category belong, probably, the extraordinarily sensitive tendrils of the Gourd-like 
plants and the Passion-flowers {Fasstj^orece) ; "while in the genus Szm'lasc (Monocoty- 
ledons) the tendrils are outgrowths of the leaf stalks. I shall return later to the highly 


That the theory of the twining of climbing plants proposed by Darwin is wrong, has bein 
shown by H. de Vries. Compare Arb, des Bot Instit, I. p. 317, and II. p. 718. 



TENDRILS AND THORNS. 


57 



remarkable phenomena of irritability of the tendrils, and shall only mention here 
that these climbing organs may arise by metamorphosis of very different parts of 
the shoot; and this either at the expense of the development of leaves, or without 
the latter being essentially affected. 

In a certain sense the so-called thorns stand in contrast to the tendrils ; they 
agree with them, however, in that they arise from various parts of the shoot, 
generally with suppression of the leaf-formation. As thorns we distinguish certain 
hard pointed, simple or branched bodies, w^hich serve the plants concerned either 
as a protection against the attacks 
of larger animals, or as climbing- 

organs. . I 

Frequently, thorns arise from ^ 

the metamorphosis of foliage ^ 

leaves, as in the Barberry (Ber- w ^ 

kris); or they are remnants of W S 

fallen foliage leaves, as in Isoe/es 

kysirix^ A sir again s iragacaniha ; ^ 

or the end of a foliage shoot be- ^ 

comes transformed into a thorn, as 

in Ra?nnus cathariica; or an entire ^ 

branched shoot, furnislicd with 
small leaflets, at first delicate and ^ 

soft, eventuall}' hardens to a system ^ 


Fig, ^.—-Jiryonfa dzoka, B a portion of the stem 
from which the tendril ariKes, tojjethor with the Icaf-stalk 
(i*') find the biul {/t ) ; the lower p«irt of the tendril («) stiff 
hint tendriWike); the upper portion {x) has coiled round 
a branch. The loni? intermediate part of the tendril, 
between the rigid basal portion {u) and the point oOittach- 
merit (a), has become spirally coiled, and thus raised the 
stem B i -m W the points where the direction of the coil is 
reversed. 


Fm. St*— mtuus. The long 
petiole {.r a, <») of fht‘ leaf |/| is ■semitive to 
continued contiwt, .iiul isns wound itself 
rmuui a support and «*» own \tcni Cr/|, that the 
latter tifcoinf-s firmly fixed to the Spiipport j s 
the axillary hhoot of the 


of thorns, as in GMiisdm firax, irmcmihm^ kc. Thorns of this kind are shoot-axes, 
on which the development of leaves ceases, while the tissue, and even that of the 
growing point, is changed into hard, woody, permanent tissue. The older nomen- 
clature has hitherto carefully avoided "ckssihg together with thorns the prickles, 
which agree with them physiologically* These are hard, pointed, short or long bodies, 


LECTURE r. 



developed from various places on the shoot-axes, or even from leaves, and which 
cannot be looked upon as metamorphosed shoots or leaves. In the Roses and 
Brambles they are known to every one ; among the American species of Solammi, 
many are remarkable for conspicuous brightly coloured prickles, e. g. Solammi pyra- 
cantha and airo-sanguineum ; many Palms, on the other hand, have very long and 
hard ones resembling those of a porcupine. 

Among sub-aerial shoots the filiform, often very long runners, which usually 
spring from, the base of an upright leafy shoot and bear a few inconspicuous 
leaf-scales on their long internodes, deserve even if only passing mention here. 


Fig, S3.— a potato plant grown from seed, r primary root ; ct cotyledons ; jy'foiiage leaves ; h lateral shoots, 
■with leaf scales id the tubei^ at the ends of these shoots {after Duchatre). 


These produce, at some distance from the mother-plant, a rosette of foliage leaves, 
from which spring, downwards, a tuft .of roots, and upwards, flower slioots. 
The Strawberry affords a very good example. Runners of this kind are funda- 
mentally organs of multiplication, since from each rooted tuft of foliage leaves at 
the end of a runner, the filiform part of which perishes later, a new independent 
plant arises. Very many other plants behave in a similar manner; their runners 
or stolons grow forth as horizontal fibres beneath the surface of the earth, and 
produce firom their terminal bud a new rooted plant, often far removed from the 
mother-plant. This is the case for example in the Umbellifer Mg&podium poda* 
graria^ in the common Valerian {Valeriana ojffidnalis\ and in many labiate plants 
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{Stachys, Mentha). With these forms are connected those in which the end of a 
subterranean runner does not develope into a sub-agrial leaf shoot at once and 
in the same period of vegetation, but swells up as a thick tuber, on which, in 
the axils of very small arrested leaflets, buds (eyes) are situated, from which rooted 
sub-aSrial leafy shoots arise in the next period of vegetation : from these again 
arise tuber-producing subterranean runners. We find an example of this, as 
well known as instructive, in the Potato^ 
and the Jerusalem artichoke {Helianihus 

' tuber osui). 

Many bulbs also arise at the end of 
subterranean runners, e. g, those in young 
tulip plants. Bulbs are distinguished from 
tubers, however, in that, in them, not 
the shoot-axis, but the leaves envelop- 
ing the leaf-bud become thick, succulent, 
and fleshy, and Ailed with reserve mate- 
rials like the tubers. In the majority of 
bulbs, however, the buds arising in the 
axils of the bulb-scales are transformed 
at once into new bulbs, which are 
not removed by far - reaching runners 
from the parent bulb. This is the case, 
for example, in our common kitchen 
Onion, the Garlic, Crown Imperial, , and 
many others. It is evidently an advanta- 
geous arrangement when tubers and bulbs, 
from which new plants arise in the. next 
year, are formed at the end of more 
or less long runners; since the newly 
arising individuals are thus developed far 
from the mother-plant, in a soil which has 
not yet been exhausted by the latter. 

It is clear that all plants with run- 
ners (above ground or below, forming 
tubers and bulbs or simply bearing leaf- 
shoots at the end) are constantly travelling, 
and consequently they appear each year 
in places further distant. If such plants 
are particularly well adapted for the soil 
and prevailing climate, they may at length 

completely occupy wide stretches of ground, since they dispossess all other plants. 
Such is the case with the Couch Grass {Triiicum repens) and with many Sedges 
(fiarex\ and particularly with the Horsetails {Equiseium): Equisehm Hmosum, 
and pahisire^ for example, are able, by means of their subterranean runners creeping 
in the mud, to occupy large stretches iii bogs and the margins of ponds and lakes, 
to the exclusion of other plants, Plants provided with subterranean runners play an 



Fig. S4.— Longitudinal section through a germinating bulb 
of Tutifa frctcox, h brown membrane covering the bulb ; k 
the part of the stem bearing the bulb<scales {shy sh) ; si the 
elongated portion of stem bearing the foliage leaves {r it) 
which ends above in the terminal flower; c ovary; a anthers ; 

perianth ; 2 a lateral bud (young bulb) in the axH of the 
youngest bulb-scale ; \ the apex of the first leaf of tliis lateral 
bud. The lateral bud developes as the bulb of next year, w 
the,,roots which arise on the fibro-vascular bundles of the base 
of the bulb. 
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important part in nature; and the dense grass of meadows, as well as the ineradi- 
cable weeds, owe their existence in great measure to the mode of life described. 

In plants provided with runners, the main shoot for the time being, with its foliage 
leaves and flower-stalks, is developed chiefly above ground. It occurs, however, not 
rarely that the whole shoot-system of a plant consists of subterranean creeping shoot- 
axes, from which only the foliage leaves appear above the earth, in order to form 
products of assimilation in the light; these are carried down through the leaf- 
stalks, and deposited as reserve material in the subterranean thick shoot-axes. A 
very perfect example of this occurs in our Bracken fern {Pieris aqmima)^ from 
the subterranean shoot-axes of which only a single large foliage leaf from each 
bud comes forth each year above ground ; similarly also in the Fern Lygodhmi^ 
where likewise only the foliage leaves live above ground, and their mid-ribs climb 
like the stem of a twining plant. It is indifferent, from a physiological point of view, 
whether the system of subterranean perennial shoot-axes forms a Monopodium 
or a Sympodium. Thus, a Monopodium arises when the growing points of the 



FIG. 5S,-~Rhi20ine of Pietns aquilvia, I, II, III the subterranean creeping shoot axes; ss the apex of 
one of them ; i, 2 to 6 the basal portions of the leaf-stalks ; 7 a young leaf ; b a rotted leaf stalk, the still living 
basal portion of which bears a bud a III. The fibres covered wdth hairs are roots, which develope behind the 
forward-growing apex of the stem. 

subterranean system continue to grow, while the annually renewed sub- aerial 
shoots bearing leaves an*d flowers spring from lateral growing points of the 
subterranean system, e.g. Herb Paris {Paris quadrifalid). A subterranean Sym- 
podium occurs, on the other hand, when from the growing point of a sub- 
terranean creeping shoot there finally arises a sub-a&ial foliage shoot or flower 
stem, which then again disappears; only the subterranean creeping piece of 
the shoot-axis still remains, and a subterranean lateral bud, growing further 
in the direction of the previous subterranean bud, again developes at its end 
into a transitory leaf-shoot. The subterranean system of shoot-axes then consists 
of numerous basal pieces of different shoot-generations, the apical portions 
of which have come forth year by year above the earth, and then disappeared. 
We find an excellent example of this in the so-called Solomon^s Seal {Poly-> 
gonaium), . 

To these aphoristic remarks concerning subterranean shoots, I have to add 
finally that these shoots are distinguished as Rhizomes, when, creeping horizontally or 
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obliquely from the shoot-axes, as is generally the case, they produce numerous roots, 
I could scarcely mention a more illustrative example of Rhizomes or Root-stocks 
than those of the genus Ins, the Flag {Acorus calamus), and especially the common 
Asparagus {Aspa7'agus officinalis). The examples named, moreover, oifer only 
a small selection from the great variety of subterranean forms of shoot. It is for 
our purpose, however, quite superfluous to enter further into particulars, since any 
one who has rightly understood what has been said will, on careful observation 
of any subterranean shoot, easily comprehend the true state of the matter. Con- 
cerning this, I may simply remark that one has to guard occasionally against 
confounding subterranean shoots with roots ; . since the former very often assume 
externally the aspect of roots. Above all, they contain no chlorophyll: the sub- 
terranean shoot-axes are white, brown, or yellow, instead of green. The decisive 
point always lies, however, in that subterranean shoot-axes possess leaves, and bear 



Fig. The anterior piece of a much longer rhizome, consisting of 

four .'tuuu.il growths, A seen in profile, B from above ; all the adventitious roots have been cut off, their 
position being indicated by the roundish scars. The numbers 1864, 1865, 1866, indicate the years in 
which tiic respective pieces of the sympodium have been produced, 

a leaf-forming bud at the end. Of course the leaves of runners and rhizomes are 
usually small, inconspicuous, membranous, or scale-like, and arrested generally, 
since the true leaf-nature can only appear when the leaf rudiments develope under 
the mfluence of light as green foliage leaves. That these inconspicuous sub- 
terranean leaves, like the scales of sub-aerial winter buds, are only arrested 
foliage leaves, may be in part experimentally demonstrated since it is possible, 
by proper interference with the normal conditions of vegetation, to produce true 
foliage leaves from such scales. With respect to Bulbs, it may finally be mentioned 
that their stout, soft scales are also leaves, according to their developmental history 
generally entire metamorphosed leaves, as in the Crown Imperial and Tulip. 

^ That the leaf-scales are only foliage leaves, prevented from their normal development, but do 
not represent a so-called leaf-formation in , the sense of the Braiinian Morphology, has been 
expenmentalJy demonstrated by Goebel, ^eitg. 1880, pp. 753, &c. 
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Sometimes, however, the body of the bulb is composed of the subterranean basal 
portions of leaves, the sub-aerial parts of which possess the properties of green foliage 
leaves : our common Idtchen Onion presents the most familiar example. As may 
be readily supposed, subterranean shoots may resemble true roots not only in their 
form but also in their functions; since they, like the latter, take up food from 
the earth, and are endowed with irritabilities by ^eans of which they grow through 
the substratum in all directions like true roots. We find subterranean shoots of this 
kind sometimes covered with absorbing root-hair^, e. g. in the Horsetails. Besides 
the horizontal creeping runners, there are others which penetrate obliquely or vertically 
downwards into the earth, and behave also in other respects like primary roots. This 

occurs to a very marked extent in the subter- 
ranean shoots oithQ gemis Dracmm; and from 
the subterranean shoot-system .oi ^JEquueiunt' 
spring single branches, which grow down 
2-3 m. perpendicularly into the earth. Since, 
consequently, shoot-axes can undertake the 
functions of roots; the development of true 
roots may be entirely ^wanting in such cases. 
There is a whole series of examples known 
in this connection. 

The genus Psiloitm, belonging to the 
developes a subterranean sys- 
tem of shoots, the leaf rudimehts of which 
are only to be traced by careful microscopic' 
research; while they behave in other re- 
spects exactly like roots. Completely rootless 
are, further, some Orchideae devoid of chlo- 
rophyll {CorallorMza, " the sub- 

terranean shoots of which may in truth be 
recognised as such at once, but nevertheless 
completely undertake the function of roots, 

I take this opportunity of remarking that 
FIG. 57.-A leaf of Auinm ce^a divided lenjjthwise. the gcDUs Solvima is also Completely root- 

the thickened base’ of the sheath, which remains behind , . , . 

as a bulb scale after the upper part of the leaf has died ICSS; IH E maimer, ilOWCVer, qUltC dlflCrcnt 
down ; s the membranous part of the sheath ; / the hollow ^ i i. « i. 

lamina; A cavity, and z inner side of the lamina ; arliguie. iFOm the plailtS hlthCrtO namCU. tSdlViTltd IS, 

in fact, a plant floating horizontally on the 
surface of water, and provided with broad ae'rial leaves, from the shoot axis of which 
long root-like fibres hang down into the water : the latter are, however, neitlier true 
roots nor metamorphosed shoots, but, according to the history of development, 
peculiarly modified leaves, which have thus here undertaken the function of roots. 

In all the cases considered hitherto, we have been concerned with derived or 
metamorphosed forms of shoot of those vascular plants in which at least the main 
shoots either produce green assimilating' leaves, or are abundantly provided with 
chlorophyll in their stems. The departures from the type are in these cases brought 
about by division of the physiological labour. The deviations from the typical 
forms of shoot proceed, much further in plants devoid of chlorophyll, which either 
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take up organic food from the remains of other plants that are becomino- 
decomposed, or obtain it directly from other living plants, to which they are 
parasitically attached. To the first category^ which are usually distinguished as Co- 
prophytes, but which I, however, prefer to name Humus-plants (saprophytes), belong 
as well-known examples some of our native OrchidL^—Neoifia, Epipogum^ Corallorkiza, 
and also Laihrcea and Monoiropa. In these the consequence of the want of chloro- 
phyll is that the leaves, which are otherwise numerously developed, remain small 
and scale-like ; since large leaves have only a meaning and object when they abound 
in chlorophyll, and serve as organs of nutrition. Since, thus, the function of assi- 
milation is absent, so also is the conveyance of mineral nutritive matters, dissolved out 
of the earth in corresponding quantities 



of water, wholly or in part superfluous. 

Accordingly, such plants have but few 
roots ; and, likewise, a vigorously de- 
veloped w^oody body in the shoot-axes is 
wanting. The same is also the case with 
many Parasites, particularly in the genus 
Orohanche^ very rich in species, which 
though parasitic on the roots of other 
plants, nevertheless developes some roots 
in the earth; for the flower stem shoot- 
ing up above the ground must needs 
have a certain supply of water, since it 
loses at least small quantities of vapour 
for months. The species of Cuscuta 

possess after their germination no roots 
whatever in the earth : by means of the 
numerous haustoria, which penetrate into 
the tissue of the host-plant from the long 
filiform shoot-axes winding around it, 
they extract not only all food znatters, 
but also the necessary water, the quantity 
of which is of course extremely small, 
since the leaves are reduced to minute 
membrane-like scales. I\!uch more com- 
plete than in these cases is the degradation of the shoot-formation in those pan 
the whole vegetative body of which developes in the tissue of the host- 
until the production of flowers, or, after taking its origin in these, grows for 
below ground. This is the case in the BalanophorecB, the HydnorecE, 
Rafflestacece, of which I have already mentioned that the organs penetrating 
the nutritive substratum entirely lose the root-form common in the vas 
plants. Up to the time "when the flower buds arise, one can scarcely distini 
the vegetative lx>dy of such plants as a shoot That we have to do with p 
from the group of Phanerogams^ is only to jbe recognised when the flowers o 
florescences arise ; and these, in their turn,, are be regarded even in the^y 
plants containing chlorophyll as highly metamorphosed shoots* But even the pa. 


FIG. ^.-^Biilanopkora f 2 ingosa. 7v the root of the host 
plant on which it is parasitic; the darker veins are woody 
bundles which run from the root into the tissue of the parasite ; 
a, ift c young flower shoots {natural size). 
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parasites of this kind which protrude from the substratum have, in comparison with 
the t3'^pical shoots of the vascular plants, something uncommonly strange about them. 
They sometimes resemble in their whole aspect the fructifications of large Fungi ; 
in a very striking manner, for instance^ in the genus Scyhalium. That in all the 
saprophytes and parasites hitherto mentioned, it is in fact only the want of chloro- 
phyll by which the degradation of all the vegetative organs has been brought about, 
is clear at once, if we compare with them the Misletoe and the whole family of the 
Loranihacem, These plants also are parasitic by their roots, as has already been 
shown, on the tissues of their host-plants. They are, however, abundantly provided 
with chlorophyll, and accordingly their shoot-formation leaves nothing to be desired. 
Their broad, dark green foliage leaves, on green, sharply segmented axes, possessing the 
anatomical structure of highly organized vascular plants, show that the strange aspect 
of the saprophytes and parasites devoid of chlorophyll is simply to be ascribed to the 
want of chlorophyll; for the Loranthacese, with their little altered roots, absorb in 
the main only water and mineral food-matters from the wood of the trees inhabited 

by them, and they are able, by means of their 
shoots containing chlorophyll, to produce 
organic substances by the decomposition of 
the carbon dioxide of the atmosphere. In 
accordance with this, the ^wdy body of the 
shoot-axis is strongly developed, the water 
provided with mineral matters being con- 
veyed through this to the assimilating leaves. 
From the comparison of the Saprophytes 
and Parasites with normal plants possessing 
green leaves, we gain the conviction that the 
whole vegetative segmentation, the distinetion 

lobes) the root of the host plant ; a a flower shoot, which bears of root and shoot, the differentiation of the 

numerous small flowers densely crowded on its flat upper sur- . ■, r 1 i • 

face; young shoot ,vyfibro-va5cular bundles (after Hichler). SfiOOt llltO leaf and aXlS, aild thC prOdUCtlOll 

of wood and other anatomical elements, have 
essentially been called forth by the activity of the chlorophyll in nutrition. In pro- 
portion as plants strive to present to the light and the air flat plates of tissue rich in 
chlorophyll (i. e. leaves) from their shoot-axes, the shoot-axes must also develope 
those forms of tissue which serve for the conveyance of nutritive materials 
into the leaves and back from them; and, in proportion as this happens, the roots 
contained in the substratum must also be capable of absorbing the water lost at the 
evaporating leaves, together with the mineral matters necessary to assimilation. The 
richer in chlorophyll and the larger the leaves (or the shoot-axes themselves, as in 
the Cacti and cladodia), the more perfect also must the roots thus be. It is, 
therefore, easily intelligible, that with increasing parasitism, — with the decrease, 
and, finally, the entire disappearance of the chlorophyll-contents of the shoots, the 
formation of roots also becomes simplified, and finally ceases altogether ; and that when 
parasitism is carried to the highest degree, even the differentiation of root, shoot, and 
leaves in the vegetative body finally ceases, till, at last, the relation of plants of this 
kind to highly organised phanerogams is recognised only in the development of the 
flowers or inflorescences. Similar degradations are also met with in animal parasites. 



TTrr. -n fttii iTifhyyju' rn /between the two 
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Firmly fixed on or in the animal host, and relatively incapable of movement, the 
animal parasite requires only feebly developed feeding and motile organs, or even 
none at all, and accordingly no organs of sense. In animal parasites also, with 
increasipg parasitism, the external segmentation and the anatomical structure proper 
to the parasite as a member of a highly organised group disappear more and 
more; and here in general, just as in plants, the reproductive organs succumb 
less than the vegetative organs to the destructive action of laziness. It is, in fact, 
in both cases inactivity — laziness, which distinguishes parasitism, and effects the 
degeneration of organs. As an animal which clings by means of suckers during its 



Fuj. a tt a small piece of the subterranean vegetative body of the host* 

pt-ant ; nut (sf -ipring a" nutture flowef Wand flower buds M dl’f {§ natural size). 


whole life on or in another animal can dispense with the various activities which 
other animals require for the seizing of their food, and the corresponding movements 
and use of tlie sense-organs ; so a plant loses, with the loss of chlorophyll, the 
necessity for raising itself alx^ve the substratum to the light and of developing all 
those adaptations which subserve this purpose. / , 

If we now turn to the more simply organised plants, the Mosses and Algse, 
we find, the lower we descend, continually simpler forms of shoot : we have to regard 
these, howe^'er, not as reduced, but orather as rudimentary ^as not yet typically 
developed* Numerous transitional fornis, however, indicate the passage from the 

'[3] "" r' 
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typical leaf-shoots of vascular plants down to the simplest beginnings of shoot- 
formation; where, finally, there still remains of the shoot-nature only the rising 
above the substratum, the production of the generative organs, and the capacity 
for assimilation with the irritabilities necessary thereto. 

We shall here refer only to some important points and give a few examples, 
since these matters have been already spoken of. 

In the true Mosses, and, in the subdivision of the Liverworts, in the foliose 
Jungermannise, we ‘find quite typical shoots, differentiated into leaves and axes, 
but anatomically .much simpler than those of the vascular plants. We have here 



Fig. 6i.— P ortion of transverse section of root of Ctsstts. c cambium ; h wood ; ^ large vessels. 

The tissue b belongs to the vegetative body of Brtugmansia Bippelii-, parasitic in the Cissns root r its 
thin fibres creep in the cortex of the Cisstts root^ and swell up here and there into thick cushions {as in 
the figure), from which flowers are developed, which then appear externally as in Fig. 17 A (strongly 
magnified ; after Solms-Laubach}. 

always to do with small plantlets, usually growing together in dense swards, 
which only vegetate 'in moist air, and make use of a dried-up condition as a 
period of rest. Accordingly, the necessity for the formation of wood and the con- 
duction of water, and the arrangement of those anatomical points which bring about 
the solidity of large land plants— all those arrangements generally which are only 
necessary to large land plants — are wanting. In particular, the foliage leaves of 
the Mosses, considering their small size and the life-conditions mentioned, do 
not need to form a network of ribs and veins, as we found to be the case 
with the large leaves of land plants: or, to express the 'causal relations more 





i 



correctly, since the formative forces in the class of Mosses tend neither to the 
formation of wood, vascular bundles, and elastic fibres, nor to a great ex- 
tension of the assimilating surface, the plants remain relatively small— their mass is 

insignificant in comparison with the majority of the more highly organised plants. 
Moreover, the most various metamorphoses may occur in the shoots of Mosses, as 
in tliose of the vascular plants. They produce runners with small leaves, which 



Fig. nudnlata, a moss. From the creeping rooted rhizomes are developed 

upriglit leafy shoots, the older of which bear, the long-stalked sporogonia {natural size ; after 
Schimper). 


sooner or later become rooted again and form upright leaf shoots, or they produce 
tubers, rhizomes, &c*; these ail very small, and of simple cell -structure. A 
special peculiarity of the true Mosses, however, lies in the production of a system 
of shoots consisting merely of cell -filaments, the so-called protonema; which 
possesses in all essential points : the * nature of a shoot, without developing the 
typical perfection bf the moss-shoot. From this protonema are developed, as 
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lateral outgrowths, not only roots but also the proper shoots of the Moss, which in 
their turn are the bearers of the sexual organs ; the protonema may thus be looked 
upon as a simple preliminary stage of the whole vegetative body of the Moss. The 
leaf-like plates of tissue, abounding in chlorophyll, which sometimes occur on the 



Fig. 6 %,~~Punayia hygyometrica^ A ffcrminatingf spores ; "v vacuole ; w root ; s exosporiuni ; li part of a 
developed protonema, about three weeks after germination ; h a prostrate main shoot, with brown walls and oblique 
septa, from which erect branches proceed > K rudiment of a leaf shoot, with root lu (A XSS^i about 90). 


protonema, but which cannot be regarded as leaves in the narrower sense of the 
word (Teiraphis)^ also deserve special mention. Like numerous similar structures 
in the Algae, Liverworts, and even the prothaliia of the Ferns, we have here to do 
with shoot-formations which, like the cladodes of vascular plants, serve essentially 



Fig. 64.— Protonematous outgrowth from the root of Mnittm Jtornum^, with leaf-forming buds A.' w w the 


roots of an inverted sod, from which the protonema filaments {««) shoot forth {X90). 

only the purpose of presenting a larger quantity of chlorophyll to the light, and so 
aid nutrition. 

In 'some subdivisions of the Liverworts we meet with flat broad shoot-axes, 
which, provided with rhizoids on their under sides, either possess leaf-Hke mem- 
branes or entirely dispense with them : this, however, from our point of view, does 
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not affect the shoot-nature of these kinds of structure. We have here to deal 
simply with fiat shoots; which by means of their chlorophyll contents, their rising 
above the substratum, and their ability to form reproductive organs, make their 
shoot-nature sufficiently evident Nothing can be more superfluous than the mor- 
phological hair-splitting, which sees in organs of this kind anything essentially 
different from the leaf-shoots of other plants, simply because the external segmen- 
tation into axis and leaf is wanting, a want which is compensated by the fiat 
extension and the abundance of chlorophyll 
, In the endless variety of forms of the Alg^, any one who is accustomed to the 
grcat'constancy of the typical form of shoot of the vascular plants and higher Mosses, 
is struck by the fact that here, even in closely allied subdivisions, the development 
of shoots containing chlorophyll, so far as their segmentation into leaf and axis 
is concerned, is extremely various. Nature, one might almost say, has here 
given free play to the formative forces of vegetable substance, under the simpler 
conditions of life which water presents ; while for the higher development under more 
difficult relations, such as the life of the 
land-plant brings with itself, the typical form 
of leaf-shoot has evidently proved itself to 
be most to the purpose, and with progres- 
sive development of the vegetable kingdom 
has been retained almost without exception. 

Where in the Algae a sliarper segmentation 
appears, there the difference between parts 
usually extended flat and rich in chloro- 
phyll, and thin stem-like parts — that is, the 
main difference of leaves and axes — makes 
itself evident This occurs in a very pe- 
culiar, and, in comparison with the vascular Fig. (i’^.—Mat'chantia folymor^kct (slightly magnified), 

-n r r . * young shoots; C the two shoots, with cupules and 

plants and iMOSSCS, very strange lorm, in gemmse, which arise from a gemma; re ©the depressed apkal 
, „ . * . \ ? r t region a portion of epidermis seen from above } j,?# Stomata 

the Ltaminarise. 1 he whole of the peren- on the rhomboid areolm (more strongly magnified). 

nial plant (Fig, 66) consists of a shoot 

rooted below, the lower part of which (s), like a leaf-stalk, bears at its upper 
end (i) a lamina, wliich may be compared to a large foliage leaf. The growing 
point of this remarkable shoot is situated at the boundary of the stalk and lamina 
It e) ; it produces annually, to a certain extent by intercalation, a new lamina (3'), 
upon wliich the older one (3) decays away. 

Thus, although a great difference exists formally between a shoot of this 
kind and a leaf-sLot of the higher plants, it is nevertheless clear that, by means 
of the segmentation indicated, the same physiological advantages are attained on 
the whole as are provided bv the ordinary segmentation into leaf and axis. The 
physiological similarity is exhibited still more in the throwing off of the flattened 
leaf-like portion, and in the replacement of it by a new organ of a similar 
kind. In another also highly organised genus of Algae, Sargassum, we find 
forms of shoot which deviate but little from those of vascular plants. From 
the growing point of a thin axis ar& flat leaves {3), separated by internodes; 
and, in addition, portions of the shoOt serve as swim bladders {t), and sexual 
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organs (/) are exclusively formed on others — a division of labour which is 
elsewhere met with only in highly organised plants. In the species of Fucus^ on 

the other hand, there is generally 



no segmentation into leaf and axis, 
and the branched shoots are them- 
selves flat, or even band-shaped, 
like the cladodes of many Phane- 
rogams. In many other genera 
of Algae are found richly branched 
shoots without any flat tissue- 
plates whatever; the assimilating 
chlorophyll lies beneath the sur- 
face of the cylindrical body of tis- 
sue (Fig. 68), the physiological 
behaviour of which may very well 
be compared with the shoot sys- 
tem oi Spar Hum junceum or of 
Psiloium. Again, in other cases 
the \vhole shoot consists of a short 
rooted basal portion, on which are 
situated leaf-like, thin plates of 
tissue (Fig. 69), from the margin 
of which similar organs often 
■ . grow.'' . ' forth, ' ' like; ' the ■ ■; segments'. ' 
di 2^ OpunHa, I must unlbr- 
tunately deny myself in this su- 
perficial survey, from going more 
deeply into the variety of forms 
prevailing here ; since just those 
organographicai relations wdiich 
are most important for us could 
only be rendered clear 'by means 
of numerous drawings '' and;, de-'- 
tailed descriptions. On account 
of their importance, howener, 
mention must finally be made of 
those Algje the growth of which 
is not accompanied by cell-divi- 
sion, and w^hich thus, as one is 
accustomed to say, only consist 
of one cell : this, however, does 
not prevent these plants occa- 
sionally attaining considerable 
magnitude, and, in, addition to the formation of roots, the most varied segmentation 
of their shoots also* In. this sense the genera Caulerpa^ Boirydium^ Vaticheria^ and 
others (cp. p. 4) have already been , referred to. 


FJg, 66.— Clanstoni. 


SHOOTS or ALGM. 



I have previously insisted upon the fact that in the simplest Algs, as in the 
simplest Fungi, the segmentation of the vegetative body into root and shoot does 
not occur. It has already been mentioned, also, that the accepted description of 
the segmentation of more highly developed Fungi into mycelium and fractification, 
signifies essentially, from our point of view, nothing further than the segmentation 
into root and shoot; only, we have here to do with plants devoid of chloro- 
phyll, in which, as in all other plants devoid of chlorophyll, the shoot is no 


7'tifyare (nAturti! s5w). Cp, the 
text 


Fig. &<5.'~~Delessert’asan^uiHea ; 

leaf-like shoot, with anchofing root 
below. 


iriG. sp. 


longer an organ of assimilation, but only the bearer of reproductive cells, as 
which, with few exceptions, it also protrudes above the nourishing substratum. 
In the large common Mushrooms and Toadstools of the woods and fields, the 
stalked pileiis, on the under side of which the spores arise, is thus the fructi- 
fication, or, according to our view, the shoot reduced to a mere fructification; 
the proper root-system being extended dn the earth as the mycelium. That 
we' are here again concerned' with Innumerable varieties of form, is evident 
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ill the richness in species of the Fungi, and in the great variety of their modes 
of life. 

In this condensed treatment of comparative organography, I have aimed 
essentially at bringing forward only those points whicK may serve for the under- 
standing of subsequent general physiological expositions. To this end we have 
regarded the different parts of plants simply as organs, i. e. as instruments for definite 
physiological functions ; and in particular, only those which, in contrast to the Re- 
productive organs, have been distinguished 
as the Vegetative organs. This physio- 
logical treatment of organography,- hitherto 
unduly repressed in Botany under the sway 
of the morphological schoolj is moreover 
by no means intended to exclude the purely 
formal comparison, as it has hitherto been 
conducted under the name of morphology ; 
its effect on the latter is only to be that 
of explaining and enlightening. That the 
comparison of organic forms from purely 
physiological points of view, which are ex- 
clusively concerned with the functions of 
the organs, can exhaust side only of 
the subjeet;, and that, besides the functional 
signification of the organs, phylogenetic ref- 
lations also exist, which, quite independently 
of the mode of life of organisms, concern 
their relationship and their descent, requires 
in our time no proof The whole of syste- 
matic botany and morphology, so far as 
they have any meaniBg at all, have to do 
exclusive!}^ with this; and it is just beeause 
this morphological and phylogenetic mode 
of consideration of plants has always pre- 
ceiimn Botanj, aiid now threatens to 

fructi- overgrow every other . interest in plants, 
that I have considered it to the purpose to 
obtain, by means of the preceding lectures, a more fitting basis for our physio- 
logical considerations. 

Only this one point I would yet emphasise here. According to my view, 
progress in the department of Botany lies in the physiological direction ; and 
sooner or later, starting' from physiological points of view, we shall also come 
to understand the proper morphological hereditary properties of the organs, and 
the causes of their variations. The purely formal relations of organisms among 
themselves also, chiefly disclosed by the history of development, must sooner or 
later be expressed as the effects of physiological causes which can be definitely stated. 

. T , 'T- ' ‘ ■ 
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Fig, 'jQ.-^Agar'tciis camjpesirts. A shows Ihe 
[m) beset with fructification ; /—F development of 1 
fication (natural size). 


LECTURE VI. 

ON THE CELLULAR STRUCTURE OF PLANTS. PROTOPLASM. 
NUCLEUS. ■ CELL-WALL. 

That plants consist of cells is now known to every well-informed man; 
yet the true meaning of the word Cell may be quite clear to but few, the less so 
since biologists themselves, even now, hold and discuss the most different opinions 
upon it. To many, the cell is always an independent living being, which sometimes 
exists for itself alone, and sometimes ‘becomes joined with’ others — millions of its like, 
in order to form a cell-colony, or, as Hackel has named it for the plant particularly, 
a cell-republic. To others again, to whom the autlpr of this book also belongs, 
cell-formation is a phenomenon very general, it is true, in organic life, but still only 
of secondary significance ; at all events, it is merely one of the numerous expressions 
of the formative forces wdiich reside in all matter, in the highest degree, however, in 
organic substance. 

Such lacing the case, it is certainly best to leave every theory aside for the 
present, and confine ourselves to the most immediate experience, and to the consider- 
ation of a few objects wdiich, without any controversy, consist of cells. 

Let us hrst turn for this purpose to Fig. 71, which represents the transverse 
section of the flower-stalk of a plant closely allied to our common kitchen Onion. 
We see at once that its area is occupied by a mesh-work, or is divided into numerous 
closed chambers. The walls of the latter consist, as is. perceived at once, of solid, 
and, as further exixTience will show, even of extraordinarily solid substance: the 
spaces bounded !>}' these contain fluid, and, as we shall see later, other constituents 
still more important. The size of the chambers is very various, and so is their 
form. From our figure it is at once observed, however, that the chambers re- 
sembling one another in size and form are aggi'egated in layers or groups, arranged 
on the transverse section of the organ of the plant. 

The individual mesh-like spaces or chambers are the cells: the groups of 
similar cells are tlic various forms of tissue. 

An equally tliin longitudinal section through the same flower stalk would present 
a less evident" and apparently less orderly picture. Careful consideration would, 
however, even on the longitudinal section, again enable us to recognise chambers 
closed on all sides, and bounded by a net-wOrk of solid walls ; only in this case the 
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chambers appear more extended in the longitudinal direction (especially those 
marked {g) in the figure) in the form of very long narrow tubes. 

A careful comparison of the two figures— i. e. the transverse and longitudinal 
sections — leads to the conclusion that the various linear networks of the longi- 
tudinal and transverse sections are due to the presence of chambers closed on all 
sides, the cavities of which are separated from one another by solid walls, just 
like the rooms in a large building. The transverse section of a portion of a plant 

thus corresponds to the ground- 
^ ^ plan of a building; the longitu- 

dinal section to the elevation of 
the same. 

^ Apart from those Algse anci 
Fungi which we have already 
learned to recognise as non-cellular 
plants, we find in all plants and 
parts of plants this chamber-like 
structure ; and we still designate 
the single chambers by the same 
term which their discoverer, Robert 
Hooke (1667), employed for them, 
because he was struck by the 
similarity of the chambers with 
the cell-structure of a honeycomb. 

fig. 7i.~Transverse section of the flower scape A lUum Schoem^ cOUrSC SCC that thls 

^yasum (X 30). epidermis ; eh cells containing chlorophyll ; r colourless ^ 

cortical parenchyma ; pith parenchyma ; i'' vascular bundles ; ring similarity iS ail CXtrCmcly Super- 

ficial one, although in the cells 
of plants, as in those of a honeycomb, living contents become formed, and formative 
nutritive materials are stored up. 

If we regard the longitudinal or transverse section of a very young portion 
of a plant, such as a growing point (Fig. 72) or the transverse section through 
ordinary wood or cork, we remark that all the cells fit closely into one another on 
all sides ; since between any two neighbouring cells there is always only one solid 
wall, like a simple wail between two chambers of a house. This kind of 
cellular structure originally exists in every cellular plant, and accords with the 
origin of the cells during growth. But very often it happens that in the course of the 
further development, the chambers separate partly or entirely from one another, the 
simple primary partition walls becoming more or less split; and each single chamber 
thus becomes bounded by a wall of its own, at certain places, or over its whole 
circumference. This case is observed very generally in the tissue of green leaves, 
especially in the lower half of the thin lamina. The cells, at first fitting closely on all 
sides, have separated from one another during the growth of the leaf, and are now 
connected only at isolated points. The case is similar also in the seed-coat of the 
Gourd, of which Fig. 73 represents a transverse section. The inner layer of this 
seed-coat consists of cells which have eventually become separated from one 
another, since through growth they have assumed various irregular forms. In such 
cases empty spaces exist between the nosn independent chambers or cells, which are 
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termed intercellular spaces, or lacunae. In the ordinary succulent tissues of Stems, 
Roots, Fruits, etc., these intercellular spaces are relatively very small, since the cells 
of these portions of the plant, at first fitting closely on all sides, separate a little from 
one another only here and there. It often happens, however, especially in aquatics 
and bog-plants, that the large cells of the succulent tissue (parenchyma) become 
separated from one another in layers, so that large chamber-like cavities arivSe, which 
are separated from one another by simple layers of cells. An excellent example of 
this, easily perceptible even with the unaided eye, is presented by the leaf-sheaths 
of the species of Mtisa. 

This mutual isolation of cells, resulting spontaneously during growjth, may 
under certain circumstances be produced artificially, especially when the partition- 
walls are thick ; either simply by means of continued boiling in water, or by long 
maceration in a mixture of chlorate of potash and nitric acid, or even by slow 
rotting. In the excrement of plant-eating animals, also, we find the undigested cells 
often completely isolated from one another under the influence of the gastric and 





I'lG. 72.— Longitudinal section through the growing point of a winter bud oi Abies pecHnata (x about soo). 


S the apex of the growing point; youngest leaves ; r cortex ; m pith. 

intestinal juices. In such cases, a splitting of the originally simple partition wall 
of neighbouring ceils is effected by external influences; or a thin layer, the so- 
called middle lamella, lying in the thick partition wall, is dissolved. However, 
even in the normal course of vegetation, and especially in the formation of repro- 
ductive organs, a comp)Iete isolation of the cells occurs in such a manner that, 
finally, they become emptied out of the reproductive organs in the form of a more 
or less fine dust. The pollen from the opened anthers of the stamens of flowering 
plants, for instance, consists of such isolated cells; and occasionally, as in the 
Pines and many Nettle-like plants, these are carried away in great quantities by 
the wind. The spores of most Cryptogams are further examples. The fine heavy 
dust, bought in the apothecaries’ shops under the name of Lycopodium, consists 
entirely and simply of such spores; and similarly we can shake out of any moss 
capsule, or blow aw^ay from a tuft of the; commonest mould {Penicillium glaiicum), 
a still finer pow^der. If the unfolded pileus of a ripe Mushroom or Toad-stool is 
laid with the lower side on paper,: it is found, after some hours, that 'a picture of 
its lamellated or tubular underside has' been formed, —a figure in dust, which has 
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arisen by millions of small' cells (i. e. spores) having become loosened from the 
Fungus, and fallen on to the paper beneath. 

In the first place, then, and espe- 
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Fig 73,~Portion of a transverse sec^|j|i through the testa of the 
seed of a Gourd. , 



Fig. 74.—R»pe pollen grain of Cichornim Intybus. The almost 
•bular ceU-meinbrane is beset with ridges connected ii} a neWike 
,nner, each of which bears pectinate series of spines. 


or eventually 


cially when we investigate anatomi- 
^ ^ cally the more highly developed 

^ _ plants, the cells appear as chambers, 

or as a framework in the substance of 
the plant. We see, however, that these 
chambers may also become separated 
in part or wholly from one another, so 
that they finally appear as independent 
bodies. In many Algae and Fungi, 
(e. g. the Yeast fungus) indeed, all 
the cells arising during growth be- 
come separated from one another. 
Finally I may again refer to the 
non-cellular plants or C(£lohlasi(E. 
We have found examples of these 
already in the genera C aider pa^ 
Boirydiuin^ and Vaitcheria, and have 
seen that their substance is not 
^iivided up into cell-chambers.' But 
every such plant arises primarily by 
the growth of an isolated cell, which 
may assume the most various forms 
later on. A fully grown plant of this t 
kind may thus, in a certain sense, be 
considered as a single cell; on the 
other hand, however, it appears in 
W^/j comparison with ordinary plants as 

a non-cellular plant, because in it 
S the formation of chambers during 

growth, on which the cellular struc- 
tiire depends, is suppressed. 

irough the testa of the already 

been said, and will become still more 
evident subsequently, that we must 
not imagine ' the cellular structure of 
a plant to be due to ceils previously 
independent becoming united with 
one another to form an aggregate; 
but we must regard the ceils as 

fn>yius. portions of the growing plant- 

annected ii> a newike substauce, which either remain united 

?mes. ’ 

; to one another, as is usually the case, 
id from one another. According as we keep the 


W 


77 


CONTENTS OF CELLS. 

one or the other case in view, the cells appear as mere chambers and parts of 
the growing plant-bocfy, or as independent living organisms from which new plants 
arise by growth. It depends, therefore, entirely upon our mode of consideration, 
and upon the point of departure of our consideration, whether we regard the cells 
as independent so-called elementary organisms, or merely as parts of a multi- 
cellular plant. 

Our consideration of cells has hitherto been particularly concerned with their 
external boundary, which is afforded by the solid cell-wall or cell-membrane ; and in 
a larger cellular plant these walls or membranes form the solid framework, within 
which, in the cell-chambers and partly in the framework itself, the fluid sap moves 
and all other substances of the plant are contained. It now concerns us to 
make ourselves more closely acquainted with the matters which are contained in 
the chambers — in the cells. In very many cases, e. g. ordinary wood, cork, bark, 
or even old dried-up pith from shoot-axes (Elder pith), or the tissue of fallen 
leaves, &c., w^e find the cell-chambers empty; i.e, they contain either merely air, or 
at most clear water or a few granules. The same is the case also with the integuments 
of seeds and dry pericarps. We have become accustomed to consider such parts 
of plants as dead or perished ; since experience teaches, without exception, that 
when the cell-chambers are empty in the manner stated, the parts grow no more, 
that no more metabolism occurs in them, and that no new cells are formed in 
them. They are in these respects inactive, physiologically dead, but they may be 
nevertheless of great use in the general economy of the plant, as we shall learn 
subsequently with respect to wood, elastic fibres, and cork. It is, moreover, a 
peculiarity of the more highly developed plants, especially of the so-called vascular 
plants, that masses of such dead ceils (contributing to the life of the plant however) 
become accumulated. In the Mosses, Algae, and Fungi this occurs only incidentally. 
In every living plant, however, are found layers, strands, and other aggregates of 
living ceils; i.e. such in which further growth, cell-multiplication, and chemical 
processes of life take place. In highly organised plants, it is the soft cortex of 
older parts, the succulent shoot-axes and leaves, the growing points of the shoots 
and roots, the flowers, unripe fruits and seeds, which consist of such living cells. 
In Mosses, Algae, and Fungi the whole living body of the plant generally is 
composed of them. 

The contents of the cell-chambers in such living parts of the plant, in 
the narrower sense of the word, may be exceedingly various. Very generally 
there are found together with a watery fluid, the cell-sap, more or less numerous 
starch-grains, drops of fat, small crystals, and in ripe seeds so-called aleurone- 
grains. In green leaves, and in other green parts of the plant, green roundish 
or polygonal granules of soft substance are particularly conspicuous: these are 
the chlorophyll granules, which in many Algae are replaced by green bands, 
plates, and the like. All these contents of the living cells when sufficiently 
magnified attract the attention at once; and up to about the year 1840 they were 
almost the only contents which were noticed in the cell. But on more careful 
observation of the interior of the cell-chambers, especially when the granular 
structures named are not present in too: ^eat quantity, there is perceived in every 
living vegetable cell another substanOe of a very peculiar kind, which generally 
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presents itself as a slimy, or occasionally gelatinous, or sometimes more or less 
solid mass; and either completely mis the cavity of the celf^^ clothes the 

wall as a thin layer, or traverses the sap cavity of the cell in the form of a 
network. 

This is the universally known and yet essentially unknown protoplasm, that 

substance which, according to the researches of the last forty years, represents 

‘the proper living body of every cell; and which, as has been gradually proved, 

is the actual basis of life of 
all organisms, both of animals 
and of plants, and the ihyestiga* 
tion of which therefore, in our 
time especially, is the object 
of the Zoologist and Botanist. 
In the protoplasm itself, again, 
is found the nucleus of the 
cell, which generally pre- 
sents itself as a definitely 

formed part of the protoplasm. 
Only one nucleus is usually 
present ; but in large, and espe- 
cially in elongated cells, several 
or many nuclei may be distri- 
buted in the protoplasm. More- 
over, particularly in the non- 
cellular plants among the Algae 
and Fungi, hundreds, or even 
thousand s of nuclei may be 
found in the protoplasm, where 
formerly, up to the year 1878, 
their presence had been alto- 
gether overlooked. 

From what has been stated^ 
the protoplasm, with its nu- 
cleus, and the cell-membrane 
or cell-wall, appear as the 
essentials of every vegetable 
cell. The other visible sub- 
stances are temporary struc- 
tures, nutritive materials, pro- 
ducts of metabolism, or refuse matters and the like, to which we shall return in 
“detail when we are considering the theory of nutrition. 

For the present, however, we will keep to the essential constituents of the 
vegetable cell— the protoplasm, nucleus, and membrane ; and^ these we will now 
studj more in detail. 

The Protoplasm, the fundamental significance of which for the whole life of 
the plant has been already indicated, consists of albuminous substances, i. e. of 



FIG. 75,— Parenchyma cells from the middle layer of the root-cortex of 
Pyitillaria imperials {longitudinal section X 550), A very young cells still de- 
void of cell-sap, lying close to the apex of the root; B cells of the same descrip- 
tion about 2 mm. from the apex of the root ; the cell-sap {j) forms isolated drops 
in the protoplasm (j>) ; plates of protoplasm separate these drops; C cells of the 
same description about 7—8 m.m, from the apex of the root; the two cells to the 
right below are seen from the front, the large cell to the left below is in optical 
section. The cell to the right above is opened by the section ; the cell-nucleus 
shows a peculiar appearance of swelling under the influence of the penetrating 
":'water(A'jy).. ■ ■ 
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chemical compounds which behave essentially like common egg-albumen, or the 
casein of milk, or like the coagulable substance of blood, &c. These chemical 
compounds are composed of the elements carbon, hydrogen, oxygen, nitrogen, and 
sulphur : they are the most complex of all organic chemical combinations, and 
as the result of their decomposition a large number of simpler organic carbon com- 
pounds are formed. The statement that protoplasm consists of albuminous sub- 
stances is, however, not to be understood to mean that proteid and proto- 
plasm are identical. For by the former is meant only the chemical compound 
of the elements mentioned; whereas the protoplasm composed of this pos- 
sesses a definite organisation, which is foreign to the chemical compound as 
such. The case is similar to that of the chemical compound of chlorine and 
sodium (common salt) on the one hand, and, on the other hand, of the 
crystals of common salt. It is, moreover, only an abbreviation to say that 
protoplasm consists of proteids. 

This is only its essentially distinc- 
tive character ; but, as a matter 
of fact, living protoplasm always 
contains a larger or smaller quan- 
tity of water, and if this is with- 
drawn up to a certain minimum 
it loses its vital activity, and on 
the withdrawal of more water even 
its ability to live. The water be- 
longs to the molecular structure of 
the living protoplasm in the same 
sense as the water of crystallization 
is necessary to the structure of very 
many crystals, which lose their crystal- 
line form on the withdrawal of the 
water of crystallization. 

On examination we find, more- 
over, that in the protoplasm mineral 
constituents are further contained, 
which, after its combustion, remain over 
as incombustible ash; a series of salts 

in w^hich alkalies, lime, magnesia, phosphoric acid, and sulphuric acid predominate. 
Even so far, the protoplasm appears to be a mixture of numerous chemical 
compounds ; and we have cause to believe, in addition, that continual chemical 
changes are connected with the vital processes in it, the products of which remain, 
at least for a time, between the molecules of the protoplasm. The substance of the 
protoplasm here described appears quite homogeneous under the microscope, even 
with very strong magnifying powers. In actively vegetating cells, however, this 
substance, in itself homogeneous and transparent, is thickly set with very numerous 
small granules (microsomes) ; these appear even with the strongest magnifying 
powers as dots, the true nature of. which, from a chemical point of view, and 
the importance of which for the life of the protoplasm, are still doubtful, although 



Fig. 76.---Forms of the protoplasm enclosed in cells A and B of 
Zeci Mays, cells from the first leaf-sheath of a seedling; from the 
first internode of the same; Cfrom the tuber of Helianthus tuberosus, 
after the action of Iodine and dilute Sulphuric acid; h c ell- wail ; 
k nucleus ; / protoplasm. 
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we may assume as probable that they are very finely divided nutritive matters which 
are employed in the vital processes. 

In the tissue of growing points and embryos, the protoplasm usually fills 
up the entire space enclosed by the thin cell-walls, and shares it as yet only 

with the relatively large nucleus (compare Fig. 72). As Fig. 75 shows, how- 
ever, the protoplasm assumes different forms with the growth of the cells. 

As the cells become larger, the protoplasm does not increase in an equal 

degree, but there are formed in it cavities, filled with fluid, i.e. with cell- 

sap. The protoplasm itself then assumes the form of plates and threads, united 

in a net-like • manner, which 
radiate from a central clump 
investing the nucleus, to the 
periphery of the cell, there 
to pass over into a more 
or less thin layer of proto- 
plasm, which here clothes the 
cell-wall like a hollow sac. 
The more the cells enlarge 
with progressive growth^ the 
larger the sap-vacuoles in the 
protoplasm become ; until, very 
often, there remains of the 
latter only a thin lamella 
lying on the cell* some- 
what as a wall-paper qn a 
chamber wall The elonga- 
tion of the cells, as we see, 
is essentially connected with 
the absorption of water, with- 
out a corresponding increase 
of the protoplasm. In very 
succulent parts of plants it 
is therefore by no means easy 
to see the protoplasm with 
the microscope: in the large 
parenchyma ceils of the root-cortex, the pith and the cortex of vegetating shoots, 
in leaves, fruits, and so forth, it often requires special methods of investiga- 
tion to bring into view the exceedingly, thin protoplasmic utricle wdiich encloses 
the large sap-cavity of the cell, and lies close upon the cell-wall This is 
accomplished by means of various contracting media, e.g. dilute solutions of 
iodine, alcohol, glycerine, See., by which the protoplasm is killed, and compelled 
to separate from the cell-wall in the form .of a pellicle, sometimes exceedingly 

®E‘ ■ • 

it often happens, however, that, with vigorous growth of the cells, and therefore 
with conriderable enlargement of their cavities, the protoplasm alp becomes 
highly nourished and increased in mass. In such cases there are found, even in 



FIG. 77. —Stellate hair on the calyx of the young flower bud (ii Althaa rosea. 
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large cells, considerable quantities of protoplasm, usually so distributed that 
a thicker or thinner layer of it clothes the inner side of the cell-wall, while a 
more or less massive clump envelopes the nucleus, from which threads or bands 
of protoplasm pass out to the wall. This arrangement of the protoplasm is very 
easily seen under the microscope, without disturbance to its life, in the hairs on 
the epidermis of many plants. If we observe such a living cell attentively 
and for a long time, the substance of the protoplasm is seen to be in con- 
tinual movement-one of the most remarkable of phenomena, which allows of the 


immediate recognition of the internal disturbances ot equuibrmm taiang place m me 
protoplasm. These movements are rendered visible by means of the finer or 
cc>arser granules distributed in the protoplasm. These are seen to travel from 
the cell-wall in the strands of protoplasm towards the nucleus, returning thence by 
the same or other strands to the peripheral layer; and here gliding onwards 
again, sooner or later to be carried once more through othei threads of proto- 
plasm to the nucleus, and thence, to turn back as befoie. In many watei -plants 
the movement of the protoplasm is rimpler : it forms a relatively thick layer on the 
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inner side of the cell-wall; and is very watery, therefore resembling a fluid; and 
moves as a flowing stream along the cell-wall, while with it float the nucleus and 
the chlorophyll corpuscles, and incidentally small crystals of calcium oxalate. This 
form of movement has been distinguished as rotation of the protoplasm from that 
first described, which is termed circulation. 

Circulation and Rotation, however, are only special forms of the movements 
of protoplasm within closed cells. If cells rich in protoplasm, especially those 
of the Cceloblastic Algae, are ruptured under the microscope, the protoplasm 
gushes forth out of the opened cell-membrane as a viscid mass, which may 
assume the most various forms : these are by no means simply those of a viscous 
fluid body, but are produced by peculiar movements within the protoplasm. An 

example of this is illustrated in Fig. 78. Here 
may be noted the remarkable fact that sepa- 
rated portions of the exuded protoplasm, provided 
they contain one or more nuclei, may become 
surrounded after some time with a cell-mem- 
brane, grow, and form a new plant. Such is the 
case not only with the Vaucheria represented in 
the figure, but, according to Schmitz, also wdth 
some other non-cellular Aigse {Siphonocladmn 
and Vallonm), What happens in such cases by 
means of external accidental influences, is con- 
stant in the reproduction of very many Algse. 
Either the whole mass Of protoplasm of their 
cells becomes loosened from the surrounding 
wall, and emerges through an aperture in the 
latter ; or the protoplasmic body is first broken 
up into a large number of individual nucleated 
portions, which are then expelled from the 

FIG. swarrn-spore of free and r't , ^ i * 

motile ; D the same after it has become fixed and has parent cell-membranc. Such free pi'ctoplasmic 

formed the organ of Bttachmeiit ; E exit of all the .1. , ' r 1 

protoplasm of a germinating plant in the form of a bodiCS the SW^ai'm-SpOrCS Of thc AlglO ai'C 

swarm-spore. {X 350, After Pringsheim, Jahyb. f. .... 

wfM. ^0^. I. Taf. I.) lurmshed -with more or less fine cilia, by the 

aid of which they swim about in water, just 
like hifusoria^ until they become fixed in some place, surround themselves with a 
cell-membrane, and begin to grow. The movement of such protoplasmic bodies, 
which are generally ovoid in shape, is two-fold ; they revolve round tlie axis, 
and at the same time travel forward in the water, a motion similar to that of a 
planet in space, or of a shot fired from a rifled cannon. 

To the most remarkable phenomena in the life of protoplasm belong the 
processes observed in a subdivision of the Fungi, the Myxomyceks. During 
their vegetative condition, before they , develope their spores, these organisms 
consist entirely of naked protoplasm (i.e. not surrounded with a cell-meinbrane) 
which occasionally creeps forth in large quantities out of the nourishing sub- 
stratum of foliage or tan on to the surface, and is found for hours in 
active movement from place to place as a so-called plasmodium. This 
phenomenon is easily observed in the so-called 'flowers of tan/ On moist, 
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sultry summer mornings, there issues from old tan in the pits, or in green- 
houses and hot-beds, a bright yellow, apparently liquid substance, which collects 
in the form of large flat cakes, occasionally pounds in weight and some 
centimetres thick, and the surface of which, is sometimes smooth, sometimes 
covered with numerous branched excrescences. In gieenhouses it may happen 
that this substance {^thaliu?n septicum) veg th.e: stems of plants a 

metre high and more, in the form of thin threads, and becomes collected 
above on large leaves as thick cakes the size of the hand. If large quantities 
of tan, in which the yelloAV clumps of ^thalium are already recognisable, are 
placed on a dish early in the morning, and covered with a bell-glass and 



Fig. iJu.~A plasmcxlium of Duiymium leui'opus (after Cienkowslcy, X 350). B fructification of Arcyria inaxrnata, still 
dosed ; C tile same after rupture of the wall and extension of the capillitium cp (after De Bar}'-, X ao). 


allowed to stand in a room; the movements of the ^ihalium may be observed 
for days together. Occasionally it creeps over the edge of the dish on to the table, 
and spreads on this, forming threads and broad cakes with undulating or moss-like 
surfaces, until it finally becomes rigid and breaks up into innumerable small 
cells. If wet glass slips are placed vertically in the tan already containing the 
Mthalium, it creeps up upon these ; and if brought under the microscope the form 
and movement of the substance may be more exactly observed (Fig. 8o). There 
remains no doubt whatever that we have here to do with a structure which resembles 
in every detail the circulating protoplasM ih- M plant-cells, only its mass is re- 
latively extraordinarily large. ' ; . 

Besides the internal mobility of these free masses of protoplasm, by means of 
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which they are enabled to creep upwards, they present the striking phenomenon 
that sooner or later, when the active external movement ceases, they assume 
definite forms (often in the highest , degree characteristic, and resembling those 
of mushrooms, etc.) and then become rigid; solid substances are secreted on 
the surface, and partly also in the interior, while the remainder breaks up into 
innumerable round cells. The plasmodium of the Myxornyceies may be con- 
sidered as the simplest- type of a growing plant; a plant which during its growth 
produces no cell-walls at all, even at its outer surface, but is at the same 
time able to assume certain simple and characteristic forms. From these relations 
of forin of the plasmodia up to the processes of growth of the Coeloblastae, or 
non-cellular Algae and Fungi, there is practically only one step; for if we 
imagine a plasmodium externally surrounded by a cell-membrane, the latter not 

essentially hindering the configuration 
of the protoplasm, we have somewhat 
the same process as in the growth of a 
plasmodium ; only with the difference, that 
by means of the solid outer membrane, 
less dependence upon the external w'orld 
and a greater individuality of the con- 
figuration are attained. If we imagine 
further that within a Coeloblast, such 
. as a Caulerpa, Vmichermp Bryopsu^ 
with progressive growth, a cleaving of 
the protoplasmic m place in the 

interior by partition walls placeci^^ to 
versely and longitudinally, we obtain an 
ordinary plant, consisting of cell-cham- 
bers. The continuation of our descrip- 
tion will show that the ordinary structure 
of the plant can in feet be understood 
according to this scheme. Fundamentally, 
every plant, however highly organised, is 
a protoplasmic body coherent in itself, 
which, clothed without by a cell-wall and 
traversed internally by innumerable transverse and longitudinal walls, grows ; and it 
appears that the more vigorously this formation of chambers and wails proceeds with 
the nutrition of the protoplasm, the higher also is the development attained by the 
total organisation. It is perhaps impossible to make the significance of the pro- 
toplasm for the life of the plant clear in any other manner than this ; although to 
those not yet familiar with the facts it certainly cannot be easy to apprehend the 
true meaning of the matters here stated. Nevertheless it w^as an ingenious thought 
of Hofmeister’s to put down, the apparent creeping motion of the plasmodia of the 
Myxomycefes, and their later transformation into fructification, as the simplest type of 
growth, even for more highly organised plants. 

In spite of its internal mobility and apparently viscid or slimy consistence^ 
the protoplasm exhibits occasionally, besides the coarser structure already described, 



Fk;, 'Ax.—Didywinm f.i.riHaCtwn, a Myxowycete. 7'h( 
whole structure at first consists of protoplasm, from which th< 
solid fabric here figured is separated out later, while the 
remainder (inside the capsule} breaks up into spores (aftei 
Rostafinski). The stellate bodies on. the capsule are crystals. 
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a still finer organisation, which is only to be detected by means of stimg magnifyin<y 
powers. This consists in reticulated fibrillse, or in a system of very small chlmbers^, 
the walls of which appear to be relatively more solid and the contents more fluid : as 
yet, however, but little is certainly known concerning this very fine structure. 

We may regard the chlorophyll-bodies as a constituent of the protoplasm. 
These generally appear in the form of roundish or polygonal granular structures of 
soft consistence; in many lower Algae they occur also in the form of bands or 
plates with similar properties. The chlorophyll-bodies, whatever form they possess, 
always lie embedded in the substance of the protoplasm, and usually in a middle layer 
of the peripheral protoplasm; so that they 
are separated from the cell-wall itself as well 
as from the sap-cavity of the cell, by a layer 
of colourless protoplasm. If parts of plants 
containing chlorophyll are placed in strong- 
alcohol, the green colouring matter becomes 
dissolved in the latter, and imparts to it a 
magnificent colouration, which in transmitted 
light appears green, and in reflected sunlight 
blood-red. This green colouring matter, dis- 
tinguished by the fluorescence just indicated 
and by other optically remarkable properties, is, 
however, only a very small part of the chlo- 
rophyll-granule relatively to its mass ; for in 
cells extracted with alcohol the latter are 
found still of their original size and form, but 
now colourless. It is easily recognised that 
the proper substance of the chlorophyll-gra- 
nules is a colourless mass, which was homo- 
geneously permeated, wholly or in part, by 
the colouring matter. The colourless matrix 
remaining behind after the extraction, ex- 
hibits towards chemical reagents the essential 
properties of proteid substances ; . and the 
origin of the chlorophyll-granules in young 
cells, as well as the fact that in many lower 
plants the whole protoplasmic body of a cell, 
or the greater part of it, behaves like a 
chlorophyll-body, leaves no doubt that a chlo- 
rophyll-granule is practically a portion of the protoplasm tinged with chlorophyll 
colouring-matter. This, however, does not interfere with the fact that the chlo- 
rophyll-granules conduct themselves in many respects like individual independent 
organisms inside the protoplasm: for they can not only grow and under certain 
circumstances change their form; but they divide also, becoming constricted in 
the middle until the two halves separate entirely from one another. By means of 
such divisions into two — which are, easy to discover and to follow in the leaves 
of the Mosses, in the cells of the and in the prothallia of Ferns, and which 



Fig. %'2,~Ftinaria /tyj^ronieirim (a mos.s). ji cell 
of a leaf with protoplasm and chlorophyll-grains em- 
bedded in it; B chlorophyll-grains with their enclosed 
starch ; b, b\ ¥' a chlorophyll-graindividing; a chloro- 
P^iyll-grain disorganised by water. 
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appear to occur very commonly also elsewhere in the vegetable kingdom— -the 
number of the chlorophyll-granules increases somewhat proportionally to the increase 
in surface of the growing cell-membrane. 

It may be reserved for other opportunities to treat of the properties of the 

chlorophyll colouring-matter, and of the grand 
part which the chlorophyll-bodies play in the 
vegetable kingdom as instruments of assimila- 
tion; and, finally, of the small starch-granules 
commonly arising in them in consequence of 
assimilation. Here it was only proposed to 
state preliminarily the most necessary facts 
concerning the externa! appearance of the 
chlorophyll-bodies. 

The cell-nucleus occurs, as already stated, 
in the ordinary cells of the higher plants, 
only singly in each cell as a rule. In very 
long vesicular cells, and in the latex-tubes and 
bast-cells, on the other hand, nuclei are present in larger numbers ; and in Algae and 
Fungi it happens, when the cells are spacious or very long, that two, several, or 
even hundreds and thousands of nuclei (which are then usually very small and 
difficult to observe) exist in a celH, In accordance with its general behaviour, 
the cell-nucleus may always be considered as a peculiarly individualised and sub- 
stantially somewhat distinct part of the protoplasm, from which it is commonly 
sharply separated in the form of a globular o ovoid mass, often lens-shaped 

I later, or rarely in the form of a more band-like or vermiform body. In older, still 

living, vigorous cells, it commonly appears in the form of a vesicle ; or a sphere 
filled with granular substance, in which is almost always to be detected a so- 
[ called nucleolus, or two, or even several. So far as the discussion (vigorous!}' 







Fig. 84.— CeU-nttcIei of Nolhoscordon fragrans (after Flemming), i. resting nucleus; 2. the nuclein 
of the niiclous arranged in a filanjentous coil; 3. optical section of the coil, where apparently only 
granules are visible. 


revived of late) concerning the nature of the cell-nucleus allows the forming ot 
an opinion, the nucleus consists of two kinds of substances: the main mass, 

^ More details concerning what has been stated in the text are found in my "Text Book 
of Botany.’ With regard to what specially concerns the mnlti-nuciear cells, at that time (i.e. up 
to 1874) still imknown, cf. Schmitz, Beobachtungen uber die vielkernigen ZcUen der Slphomcladiaceen, 
Festschrift der Naturforsch. Gesellsch., Halle, 1879. The same in Sitzungsber. der niederrhein. 
Gesellsch. fur Natnr- nnd Heilk,, Bonn, 1880, June 7, and 1879, August 4. Treub, Sttr Us cellules 
vigStales h plusieurs, noyauXj Archives nderlandaises t xv, Johow, Untersuckungen liber die 
Zcllkerne in den Secretbehdltern tmd Parenchymzellen der Momcotykn, Bonn, 1880. 
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a watery proteinaceous substance, differs apparently not very essentially from 

the surrounding protoplasm. Within this is present, however, a second sub- 
stance in the form of granules or filaments, which, according to certain state- 
ments, is distinguished by containing phosphorus^, and appears in a more 

definite form especially when, at the commencement of cell-division, the cell- 

nucleus itself prepares to divide. These two substances may perhaps be 

distinguished most advantageously by the terms nucleoplasm and nuckm. The 
latter is especially remarkable in that with colouring media, and particularly 
with Haematoxylin, it stains more quickly and deepl}^ than the nucleoplasm; 
whence this reagent is also employed to make the nuclei evident, and indeed 
generally in very large numbers, in cells where no nuclei at all were detected 
formerly. In the larger fully grown cells 
of the higher plants, the nucleus appears 
generally as an inactive mass; in cells poor 
in protoplasm usually lying on the wall. 

Its prominent significance is clear, on 
the other hand, in two cases. First, in 
the growing point (Fig. 72), where the 
nuclei almost entirely fill up the space 
of the otherwise small cells, so that the 
mass of a growing point consists to a 
very great extent of nuclear substance. 

Yet more striking, however, appears the 
nucleus as an essential element of the cell 
during cell-formation itself: there results 
at this time a more definite separation 
of its two constituents, the nucleoplasm 
and the nuclein, to which I shall return 
later. 

The third essential constituent of a 

vegetable cell, the ccll-membiane or cell- fig. S^. — structure of the brown sclcren- 

1, r 1 j .• J xl, chyma in the stem (X 550). x/ a fresh thin transverse section ; 

wail, lOrmS, as already mentioned, tne ex- the lonjjituclinal wall between two cells (fresh), a twisted plt- 

, 1 T'j, J r if 11 T canal at the lower end; C transverse section in concentrated 

ternal solid boundary ot tne cell, in its sulphuric acid ; /? longitudinal section of the wall in sulphuric 

. r f acid; the middle lamella of the wall; second shell ; <r third, 

primitive state it consists OI a peculiar innermost sUell of the wall;/ pore canals ,Wlumen of the cell. 

chemical compound, cellulose, which is 

composed of Carbon, Hydrogen, and Oxygen. This substance is remarkable for 
its great resistance to the most various chemical solvent reagents ; and its extra- 
ordinary solidity and elasticity are of especial importance for the plant. The 
sharp outline and impressive form of the parts of plants, and their great solidity, 
though containing enormous quantities of water, depend essentially upon this 
property of cellulose. Nevertheless, only the very thin cell-membranes in the 
young parts of plants, and perhaps in older parenchyma, consist of true cellulose, 
which is moreover always mixed with water and incombustible mineral substances. 
With increasing age, and according ,10 the physiological W'ork which the 

^ Zacharias, l/lcr die clmnmhe.lBmhaffenkeit des Zellkcrns, Bot. Zeitg. i88x, p. 170. 
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cells concerned have to fulfil in the life of the plant, both the chemical and the 
physical properties of the cell-wall become changed. In the great variety here 
met with, there may be distinguished three chief cases of metamorphoses of the 
substance of the cell-wall as of especially frequent occurrence : these are lignihca- 
tion, suberisation, and the conversion into mucilage. Lignification, which we find in 
the typical form in the empty cells of ordinary wood, but also in many other cases, 
is usually associated with a considerable thickening of the otherwise very thin cell- 
walls. It is due to the formation of a peculiar chemical compound, which is 
soluble in potash solution and also in a mixture of potassium chlorate and nitric 
acid, and which causes the lignified cell-wall to become highly coloured when 
treated with iodine solution and various other substances (e.g. with aniline 
sulphate a bright yellow). It is to this woody substance, the so-called xyloge7i, 
apparently, that the peculiar properties of the lignified cell-w'alls are to be as- 
cribedv It is distinguished above all by its great hardness and elasticity, so 
that it absorbs relatively but little w^ater, and consequently increases but little in 


mm 


mm 




Fig, 86, —Transverse section of the endosperm of Ccratouja 
siliqua, a granular cell-contents; h .soliti walls surrounding 
them ; c the so-called intercellular substance — i, e. the middle 


volume wdien thoroughly w^etted, and on 
^ volume — 

UliP W properties upon which the endless varieties 

wood in the arts especially 
depend, and w'hich in like manner come 
consideration for the life of the plant 
itself. Among the most prominent peculiar- 
ities of, lignified cell-walls (to which, more- 
^ roturn in detail at a later 

capacity of allowing im- 
n F bibed w'ater to move with facility between 

. the molecules of the substance; upon w^hich, 

Fig, 86, — Transverse section of the endosperm of aS WC Shall SCC, dcpCndS the ph_y siologicai 

siliqua, rr granular cell-contents; /,> .solid walls surrounding T,- « 

them; f the so-called mtcrcellular substance — i.e. the middle Significance Of W OOd aS ail Olj^an fol COIl- 
swollen portion of the wall between each two coll cavities 

strongly magnified}. (lucting w atcr in transpii ing lanQ plants. 

If the xylogen is extracted by means of 
proper solvents from the cell-wall, a skeleton of the w’-ali of similar form remains 
behind, w^hich then exhibits the ordinary reactions of cellulose. 

In a certain sense "the suberisation oPthe cell-wall forms the contrast to its 
lignification; it consists in that in the basis of cellulose another substance, 
suierm or cork substance, is deposited. Such suberised cell-walls, of which 
common bottle-cork, the skin of potatoes,, the outer cortex or periderm of most 
young branches of trees, &c. consists, may, be somewhat thick; they are generally, 
however, relatively thin, upon which depends in part the compressibility of common 
cork. • The ^uberin, together with which are often found considerable deposits of 
silica and other mineral substancesin addition, confers upon the cell-wall the property 
of being able to absorb water only in very small quantities ; and of hindering with 
great energy the passage of w-'atery vapour and other gases through the cell-wall. In 
a word, the suberised cells have essentially the properties to which common bottle- 
cork owes its varied uses, because it allows the vapours of fluids to pass through it 
so exceedingly slowly., t Qn this account also every part of a plant the fluids of which 
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i require to be protected against evaporation, is surrounded by suberised cell-tissue ; 

as the stems and older branches of woody plants, in the wood of which the current 
of water moves. 

In like manner the outside of leaves and of young shoot-axes is clothed with 
a pellicle, generally exceedingly thin, the so-called cuticle, the substance of which 
; possesses all the essential properties of suberised cell-walls. While lignificalion 



Fig, 87. — Cells from a leaf of Noytt carnasa 
(X Soo), showing' the striation; thotjgh far less 
strongly marked in nature, the stria: are quite 
as evident, a optical longitudinal section of the 
crossed annular striation ; b external view of the 
s’de where the annular stri.T cross ; c, d external 
view of the side where they do not cross; e a 
portion of cell-wall ■where only isolated annular 
stria? are evident. 


FIG. 88,— Cells with brown walls in the stem 
of Pteris aipniina. A half a cell, isolated and 
.decolorised by Schulze’s maceration ; R a piece 
'more highly magnified (k 550)— the fissure-like 
.pits are crossed, i. e. the fissure becomes twisted 
with increase of thickening; p lateral view of a 
fissure, which here appears as a simple canal, 
since it exhibits the narrow section. 


makes the cell-wails predominantly hard and rigid, they gain by means of suberisation 
in extensibility and elasticity. 

The third common form of metamorphosis of the cell-wall, the conversion 
into mucilage, consists in a chemical alteration of the cellulose, in consequence of 
which it obtains the property of absorbing large quantities of water, and of swelling up 
in a corresponding degree, in many , cases so strongly that the volume increases a 
hundred-fold or more. According as this property is more or less developed, the 
mucilaginous change of the cell-wall makes, itself evident in a more or less gelatinous 
consistence ; and it may even be converted into a liquid slime with water. As a further 
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metamorphosis, we may consider the formation of Bassorin, and finally that of soluble 
gum-arabic. This mucilaginous change of the cell-walls may, under certain cir- 
cumstances, occur as a diseased condition, as in the gum-formation of Plums and 
Cherries ; in other cases, on the other hand, especially when the mucilaginous change 
is associated with only a slight alteration of the original cellulose, it appears as a 
normal change serving definite purposes of life. Numerous seeds and dry indehiscent- 
fruits possess within their epidermis mucilaginous layers of cell-membrane, which, on 
being moistened with water, break through the cuticle and surround the seed or the 
fruit as a gelatinous envelope. This is the case for example with the seeds of the 
Quince, the Flax, Plaiitago psyllium^ &c. ; if a large quantity of the small grains 
is moistened with water, a viscid paste is formed, the swolien-up mucilaginous layers 
forming a coherent mass. 

In the economy of the Alg^e and many Fungi (especially certain Gastero- 
mycetes), and some Lichens (e. g. the Collemacese), the mucilaginous change of the 



Fig. Sg .-— a parenchyma cell from the 
cotyledon of Phaseohts m2tlt(fiori{s isolated 
by maceration, i the rounded corners 
bounding intercellular spaces; A / the walls 
in contact with neighbouring cells, and pro- 
vided with pits. 


Fig. go.— Transverse section of a sclc- 
renchyma cell from the root>tuber of Dahlia 
%< 3 :rmbtlis (x 800). I the lumen of the ceil ; 
fC pit-canals which penetrate the stratifica- 
tion ; sp a fissui'e by which an inner system 
of layers has become separated. 


cell- walls plays a very prominent part ; so much so, indeed, that the form and mode 
of life of such plants are to a certain extent determined by it. 

These chemical alterations of the cell-walls, here briefly^ described, need by 
no means always invade the entire thickness of a cell-wall. It is often only 
definite layers or shells of it which are affected by the changes named. The 
suberisation or cuticularisation frequently takes place only at the exterior, espe- 
cially in the case of isolated cells; whereas lignification tends to affect the 
middle layers of strongly-thickened cell-walls ; while the formation of mucilage may 
affect either the middle lamella or any other layer of the cell-wall. 

The extremely thin walls of young vigorously giwing cells usually appear quite 
homogeneous, even with strong magnifying powers. In thicker, and especially in very 
thick cell-walls, on the other hand, a concentric stratification is recognised on the trans- 
verse section, to which a corresponding marking is again found also in the longitudinal 
section. ’ With particularly clear objects it is perceived that this concentric strati- 
fication of thickened cell-walls depends upon the alternation of lamellae, some poor in 
water and hard, others richer in water arid soft, which together make up the cell-wall 
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Besides these concentric layers there is to be recognised, however, in very many cases 
in thick cell-walls, occasionally also in thinner ones, the so-called striation, which is 
perceived best with very strong magnifying powers when the cell-walls are seen in 
surface-view. The striation appears then in the form of parallel lines, which 
generally I'un obliquely across the object, or travel round the cell-wall in the form 
of a spiral, or even in closed circles. In the first case are recognised occasionally, 



Fig. 91,-— Forms of cells of MarcJiantia ffl/ymor/ihtt (n 
Liverwort) with thickeiiings projecting invi'ards. half an 
elater from the sporogoniura, with two spiral bands ; a 
portion more highly magnified; B a parenchyma cell from 
tlie middle portion of the thailus, with reticulate thickenings 
projecting inwards ; C a fine root-hair with thickenings pro- 
jecting inwards— -these are airanged on a spiral constric- 
tion of the cell-wall ; D a thicker root-hair— the projections 
are thicker and branched, and the spiral arrangement still 
more evident. 



Fig. 92.— Portion of an annular vessel from 
the fibro- vascular bundle of Mays (X 550). 
/f, h the thin cell-wall of the vessel, on which 
are clearly to be seen the boundary Hues of the 
neighbouring cells ; r, r the annular thickening.s 
of the wall of the vessel ; y the inner substance 
of one of the rings cut through traitsversely ; 
f the denser layer which extends over the ring 
on its inner side projecting into the lumen of 
the cell 


with sufficient magnifying power, two systems of striation crossing one another, 
Nageli has also referred the striations of the cell-wall to the existence of layers, 
alternately richer and poorer in water, which traverse the cell-wall from without 
inwards. The whole cell-wall, according to this view, resembles a crystal 
cleavable in three directions, the intersecting lamellae of which are alternately 
richer and poorer in water. 

In addition to this very fine structure of the cell-wall, have to consider, 
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however, a far more conspicuous coarser structure in the same cells: this is visible 
with weaker magnifying powers, and makes itself chiefly evident by individual parts 
of a cell-wall being much thinner or much thicker than accords with the common 
thickness. We are here concerned with w^hat may be termed the sculpture of the 
surface. The commonest form of this sculpture consists in that, on cell-walls not 
excessively thick, single or grouped roundish areas remain thin during the growth 
in thickness of the whole wall, or do not take part in the growth in thickness 
generally. We term such areas pits, and the cell-wall itself pitted. If the parts 
of the \vail lying between the pits grow very much in thickness, the pits appear 
no longer merely as thin areas, but as canals running through the thickness 

of the w^all from the cavity of the cell, and closed exteriorly by a very thin 

membrane. The pits lie in the .partition wall between two neighbouring cells of 
a tissue, and the pit-canals run on both sides so as to meet one another. 

The thin membrane which closes the pit of one side forms also at the same time 
the closure for the pit of the other side. If, therefore, we imagine the' cells not 
isolated, but in connection as usual, like the chambers of a house, and separated by 

their wails, the pits and pit-canals appear 
like holes, through which the neighbouring 
chambers communicate' ,* in such a manner, 
however, that a very fine membrane is 

always still present in the middle, by means 
of which the neighbouring cell-cavities are 
in fact separated from one another. It is 
easy to see, and is to be insisted upon still 
more in detail later on, that the exchange 
of sap between neighbouring cells must be 
facilitated by means of the pitting ; especi- 
ally when the partition-walls are of con- 
siderable thickness, whereby of course the difiusion movements from ceil to cell 
would be rendered very difficult without the presence of numerous pits. 

Another form of sculpture of the cell-wall, also very frequent, shows itself in 
that not thin areas, as in the pitting, but strongly thickened areas stand out 
as peculiarly formed parts of the, wall, which otherwise remains very thin. 
Sometimes the thickened areas appear as cones projecting inwards, or they form 
massive rings, which often become loose and fall out on cutting succulent stems 
and leaves; yet more frequently, the thickened part of the cell- wall forms a 
spiral band, running on the inner side of the thin wall, somewhat like a spiralfy- 
wounci wire fitted in a glass tube of suitable width. Yery often tw'o or three such 
spiral bands with parallel windings are present, and, like the rings, these also often 
become loosened on cutting or tearing, off leaves and stalks, and may then be 
perceived even with the unaided eye as threads of extreme fineness but considerable 
length : these are very distinct for example in the leaves of Agapanihus. when torn 
ticross. Finally, a common form is the so-called reticulate thickening, which we 
may suppose to be derived from the spiral by connections or anastomoses being 
established between the parallel spiral bands, so that a mesh-w*ork arises. If we 
suppose the meshes of this net- work very narrow, and the thick bands relatively 



Fig. 9,3.— Ripe pellen ^frain of Cichoyiimt lutylms. The 
almost !3phcric{il celi*vvall is beset with reticiilately connected 
tliiukeiiiny ridj'cs, each of wiiich supports comb-like scries of 
spiuosc thickenings, projecting still more prominently. 
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broaS, then the meshes appear as pits, as is clearly seen in the so-called pitted 
vessels. 

In these* cases of sculpture the thicker portions of the cell-wall necessarily 
project inwards, when the cells are tightly closed in on all sides by other 
cells. In isolated cells, on the other hand, as the pollen-grains of the Phane- 
rogams and the spores of the Cryptogams, the thicker parts of the cell-wall project 
towards the exterior, and present the most various forms of knobs, cones, prickles, 
combs, ledges united into net-works, and so forth. Generally the whole outer surface 
of such celWalls is cuticularised, and the sculptured parts mentioned consist also 
of cuticular substance, , * 
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DEVELOPMENT OF CELLS. 

We have hitherto considered the cells in the condition in which they immediately 
present themselves in the living parts of plants under the microscope. The organs, 
however, at first themselves microscopically small, grow, up later to a considerable 
size. This growth must necessarily also affect the cells of which the organs consist ; 
and thus, with increasing growth of the organs, the cells also would have to attain 
a considerable size if, during the growth itself, a diminution and at the same time 
multiplication of them did not take place by division. In general, the growth of 
the organs of the plant, especially in its first stages, is associated with multiplication 
of the existing cells ; and only in the final processes of growth, where the organs 
attain their definitive form and size, does the multiplication of the cells in them cease, 
and the cells themselves attain their ultimate form and size. 

Thus, to observe the formation of new cells we must not make use of organs 
already fully grown; we must rather examine the growing points and the parts 
which are becoming elongated. However, although there is no doubt that cell-divisions 
are constantly taking place in the growing points, it is still very difficult to observe 
this process there. On the other hand, it is relatively easy to see the multiplication of 
the cells further distant from the growing points in the parts becoming elongated ; 
and moreover, as experience has shown, it is particularly in the development of the 
organs of reproduction that the processes of cell-formation may be easily seen. 

Above all, it is to be premised that the multiplication of ceils, is always brought 
about by the division of cells already existing; and that new cells at no time shoot 
forth like crystals out of a fluid. Each newly arising cell originates by division 
of one already existing ; and very generally this division is a bipartition, i. e. two 
daughter-cells arise from a mother-cell from the substance of the former becoming 
divided into two equal halves. 

Before I enter more in detail into the processes which take place in the bipar- 
tition of a cell, it will be advisable to consider the more obvious facts. 

Since the cells generally appear as chambers in the substance of the plant, their 
new formation or division may also be represented, especially during growth, as a 
progressive formation of ' chambers or compartments. Within the cells already 
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existing and dividing, new partition walls arise, somewhat as if the chambers 
of a house w’eie each divided into two smaller rooms, by putting in partition 
walls. The formation of cells in growing organs where the existing cells in- 
crease in size, gives therefore the impression of each cell being onV able to 
attain a definite size^ and, when it passes beyond this, a division wall appears 
by means of which the cavity becomes divided generally into two equal halves. 
In most cases these new partition walls can be recognised in the framework of the 
older cell-walls on transverse and longitudinal sections as thin lines, which are 
usually set at right angles on the older walls, as the accompanjang figure clearly 
shows. The ceUs already present grow; and as they grow and the chambers 
formed by them become larger, partition walls arise, by means of which the 
increasing size of the cells is to a certain extent again equalised, so that in a 
given plant, in spite of the progressive growth, the cell cavities never exceed 
a certain dimension. The man- 


ner in which the new partition 
walls are inserted in the growing 
cells, gives in a certain sense the 
impression of the latter being, so 
to speak, cut through, and so 
divided each into two portions. 
The cell-division appears there- 
fore (and this should be especially 
insisted upon) as a diminution in 
size of the chambers into which the 
living plant substance is divided, 
following upon growth and con- 
ditioned by growth. This mutual 
relation of growth and cell-division 
is particularly clear if one examines 
from this point of view plants of 
simple construction, such as the 
CharacecB, Fig. 95 represents a 
longitudinal section through the 



Fig, 94.~Epulermis and adjactuit cortical parenchyma of the hypocotyl 
of Helianihus which rapidly increases in thickness at the .conclusion 

of gfennination ; the darker thicker cell walls are the original one.s, the thinner 
radial ones those recently developed. The vigorous tangential growth of the 
epidermisT cells and the cuticle is especially interesting. 


apex or terminal bud of such a plant, which is preeminently suited, on careful 


consideration, to render clear the relation of cell-division to growth and the wTole 
external and internal configuration of a plant. From the so-called apical cell (tj) 
found at the end of the stem, each time this attains a certain height by growth, 
a lower transverse disk is cut off; and thus a new ceil, a so-called segment, 
is formed. This is again divided by means of a transverse wall into two cells 
lying one above the other; a low^er lenticular one, and an upper one w^hich 


resembles a biconcave lens. The former is no more divided on further grow^th ; and 
gradually assumes the forms by which, as seen, it becomes transformed 

into a cylinder, continually increasing in length, and constitutes a joint or interfoliar 
part of the axis of the Chara, The upper biconcave daughter-cell of the segment 
deveiopes, on the other hand, a number of outgrowths around the axis of the stem, 
from which the leaves originate ; while the middle portion becomes the node between 
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two interfoliar parts. These leaves and nodes now continually undergo repeated 
divisions during their growth, which follow a quite definite and exactly known law, 
both as regards their direction in space and also their sequence one upon the other 
in time. 

It is not necessary here to enter more particularly into these matters. 
We shall be able to apprehend in the main the relation between growth and the 
repeated division of the cells into two, if we observe that in our figure the parts 



Fig. 95.— Longitudinal section through the apex of Each portion of tissue bounded by a thick 

Contour has originated from a segment, i. e. from a cell immediately segmented off from the apical ceil. 
{Partly diagrammatic.) 


distinguished by t\ h, respectively, always proceed from a segment of the apical 
cell; and that wdth the increasing growth of the same the number of division walls 
contained in them increase also. If we compare, for example, the portion i" h" 
included by the thick contours, with the younger portion b\ we easily perceive 
how with the growth of the former, which previously possessed exactly the form and 
size of the latter, the cell-divisions have proceeded ; and if, further, we take into 
consideration the portion f" in like manner enclosed by thick contours, w^e again 
recognise how, with progressive growth, the cell-divisions have proceeded in definite 
order also. 

The development of the stomata in the epidermis of a leaf (Fig. 96) may serve as 
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a second example showing how the division of cells already existing proceeds 
with their growth. In Fig. A are represented a number of epidermis cells of a 
very young leaf, seen from the outer smface. The chambers (r) are those from 
which the two guard-cells of a stoma are formed later. These, as w^ell as the 
surrounding epidermis cells, grow, become enlarged, and change their form; 
thereupon new cell-divisions appear, as in figure B, where the older cell-walls are 
indicated by thick lines, those most recently formed with thin ones. It is observed 
that around each mother-cell of a stoma {s) a number of new cell- walls have 
appeared, by which pieces have become, as it were, cut out of the neighbouring 
epidermis cells ; so that each mother-cell of a stoma (j) is surrounded by a group 
of new cells. Fig. C shows a mother-cell now divided into two guard-cells (s s), 
with the group of adjoining cells and neighbouring epidermis cells surrounding 



I'lG. 96.— Development of stomata on the leaf of Commelyna ccelesiis., A and B very young; C nearly mature ; ss (in A and B) 
mother cells of stomata ; xs (in C) guard cells. In A and B is shown the formation of the neighbouring ceils. 


them : all the .cells already indicated in B have grown further, i. e. they have en- 
larged and changed their form, and the cell-walls have become thicker. By 
means of the further growth, which now proceeds without cell-divisions, they 
finally become fully developed. 

It is evident from what has been hitherto said concerning the division of 
cells, that each newly produced cell is not only a portion of the mother-cell, 
but that even its original form depends upon what form the mother-cell possessed 
at the moment of division, and in what direction the division wall was formed. 
Very generally the latter happens in such a manner that the division wall is 
set at right angles on the walls already existing, and, when necessary to this 
end, it presents a corresponding curvature. The newly arising division walls 
are therefore commonly not flat plates, but in most cases more or less, though 
it may be almost imperceptibly, curved, as seen in the figures. The figures also 
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show at once that a certain relation exists between the form of the organ in 
which growth and celhdivision are taking place, and the direction, curvature, 
and general arrangement of the newly arising cell-walls — a relation of which 
we shall speak more in detail later on, when considering growth in its relation to 
cell-formation. 

The relations just mentioned are partly or entirely wanting in the develop- 
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Fig. 97 —Pesixa convexula. A vertical section through the 
whole Fungus (X 20) ; h Hymeuiuni, i, e. the layer in which the 
spore-producing ascl are situated; s the tissue body which 
.surrounds the hyineniuin at the margin {(?•) like a cup. Fine 
filaments proceed from the base and penetrate into the soil. 
B Small portion of hymenium ix 550} ; sk sub-hymenlal layer of 
densely interwoven hyphffi ; ir—J asci, with spores in various 
stages of development ; between are thinner filaments— para* 
physes— containing red granules. 


FIG. 98.— Zoosporangia of Achlya {x 550). 
A still unopened ; B the zoospores are escap- 
ing; a zoospores just emitted; h membranes 
left behind, from which the swarming zoo- 
spores {e) have escaped ; e a lateral bud. 


ment of reproductive cells, such as oospheres, spores, and pollen-grains : for, in the 
majority of such cases, the formation of new cells appears as if it did not depend 
upon a mere cutting-through by means of a new partition wall > The cell- 
formation gives here the impression of being not a mere division into chambers 
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or compartments of the chambers already present ; the new cells appear rather 
from the very beginning as more or less rounded, independent bodies, isolated from 
the sister-cells. 

This difference is especially conspicuous where a large number of rounded 
daughter-cells are formed inside a mother-cell, in such a manner that a portion 


( 
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FIGS. 99 and xoo.--F 7 tnkza cordata, A transverse 
section of a young' pollen sac before the isolation of the 
mother-cells (jw#); ep the epithelium (Tapetum) clothing 
the loculus; w wall of the pollen sac. B loculus 
after i.solation of the mother-cells {sm ) ; ep remains 
of Tapetum (X 530. For further development cf. the 
following figs.} 



Fig. xou—'Fwikia, ovata. Development of pollen 
{X 550) VH. The wall of the daughter-cell has absorbed 
water and burst : the protoplasmic body forces itself out 
through the fissure, and lies in front of it rounded off as a 
.sphere. 



FIG. los.— a young pollen cell of Funkia ovata. 
The externally projecting thickenings are still small {in 
C they are larger) and arranged as lines connected into a 
network. 


of the existing protoplasm of the : mother-cell remains unemployed, as in Fig. 97. 
This mode of cell-formation has long been distinguished from the cell-division 
previously described as an essentially different process, as free cell-formation : more 
recent researches have shown, however, that between these apparently very 
different modes of cell-formation the most various intermediate stages occur, which 

H 2 ■' 
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make a fundamental distinction impossible. It is more a matter of an external 
difference concerning the form of the daughter-cell, than an essential difference 
ill the process of formation itself. , The chief difference between the so-called 
free cell-formation and ordinary cell-division lies especially in that, in the former, 
the developing daughter-cells appear not as mere segments of the mother-cell, 
but as rounded off individuals; arid whether in this a part of the protoplasm 
of the mother-cell remains unemployed or not, may be considered as unessential 
for the cell-formation itself, although specifically important for its purpose at the 
time. We have, for example in Fig. 98, a case of cell-division where numerous 
daughter-cells, at first polyhedral but subse(|uently rounded off, are developed from 



' Fig. ta’^.-'-AUheea Division of the pollen inother-cells Into four, A-^E, Fane! G a tetrad. The membrane 

of the ‘.special jnother«cell’ has burst under the influence of water, and allowed the protoplasmic body of the younsf 
pollen ceils to escape. H a fully developed pollen grain seen from without, and magnified to the same extent. 

the protoplasm of a relatively large mother-cell ; here the first processes come under 
the same category as ordinary cell-division, while the later ones resemble free cell- 
formation. On the other hand, we find in the origin of the pollen grains in Fig. 10 1, 
in the ordinary repeated bipartition of a mother-cell, with the simultaneous secretion 
of a cell-membrane and rounding off of the mother-cell itself, a case in which the cell- 
division presents itself in the form previously described as a development of chambers 
inside chambers already existing; only that ' the chamber-wnlls, as they rapidly 
grow in thickness, round off the cavities enclosed by them. To be sure, there 
appears later a very conspicuous difference from the ordinary bipartition of 
cells in vegetative growing organs, in so far, that in this case the walls formed in 
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the division are destroyed; and each protoplasmic body becomes enveloped in 
a new specially formed cell-wall ; so that finally only these newly formed cell- 
walls remain after the destruction of the older ones, While the whole complex of 
cells, produced by repeated bipartition, now consists of individual pollen grains 
entirely separated from one another; each of which, from its origin and organisa- 
tion, however, must nevertheless be regarded as a cell. We may here perceive 
clearly how cells, appearing inside a growing organ as mere chambers, arise in con- 
nection with reproduction as individual bodies entirely separated from one another. 
This process is still more conspicuous in the formation of the pollen grains of most 
dicotyledonous plants, of which an example is represented in Fig. 103. Here the 
four daughter-cells of a pollen mother-cell arise (at least apparently and so far as 
concerns the development of the wall) simultaneously, and not by means of a 
repeated bipartition of the existing cell-cavity. After the preparatory stages to be 
described later, in which also we can still recognise the principle of bipartition, 
the protoplasmic body of the pollen mother-cell becomes so constricted around 
the four nuclei produced by repeated bipartitions, that it assumes in the first 
place a four-lobed form ; and the relatively very thich wall of the mother-ceU 
growing tovrards the centre in the form of ledges so projects, that four chambers 
closed off from one another result (E), in which the nucleated masses of proto- 
plasm lie. Here then the rounding off of the developing daughter- cells is particularly 
clear. It becomes still more so in that now, inside each of the chambers of the 
mother-cell (the so-called special mother-cell), a new cell-wall is secreted by each 
protoplasmic body, w’hich it retains during further growth, while the chamber- 
walls arising before and during the division dissolve and disappear^ 

The more recent researches in the province of the cell theory have shown 
that at the foundation of all these different forms of cell-formation there lies a 
common .principle ; that especially the first preparatory stages, which are particularly 
clear in the behaviour of the cell-nucleus, are everywhere essentially the same ; that 
it always depends originally upon a bipartition of the substance of the cell-nucleus, 
aiid a corresponding grouping of the protoplasm around the centres so arising; 
the process being completed by the formation of a new cell-wall. ' - 

What has been hitherto stated especially concerns the external appearances, which 
are to be recognised clearly enough even with relatively low powers of the microscope. 
Only recently, wdth wery strong magnifying powers and new micro-chemical reagents 
and methods, a series of processes have been shown to take place in the interior 
of the cell-nucleus and the protoplasm, which afford a deeper insight into the 
behaviour of the living cell contents during the formation of new cells. We owe 
especially to the researches of Strasburger, Flemming, .Schmitz, and others, a very 
thorough knowledge of the most minute details in the changes of the protoplasm 
and nucleus during* division I From the statements of the former, as well as from 
those of a number of zoologists, moreover, the very important fact results that the 


1 More details concerning what has been said in the text up to this point are found in my ‘ Text 
Book/ the fourth edition of which appeared before the new researches on cell-division. 

® Of Strasburger s many worki on cell-division, mention need be made only of his last 
book, ^Zellbildimg tmd 1880. Further important are Flemming, ^ Beitr age zur 
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processes during the cell-formation of plants and animals are in all essential 
points alike. 

The following description is taken chiefly from the statements of Strasburger, 
with which my own observations agree, at least in the points which appear important 
to me: the questions still under discussion between the specialists in this province 
may here be avoided as much as possible. 

The first preparations for the division of a vegetable cell are noticeable in the 
changes of the cell-nucleus; and it is in fact in the visible elements of the nuclein 
that the first indications and further course of the division of the nucleus are to be 
traced. 

‘ In general,' says Strasburger, ' the contents of the nucleus (the nuclein) become 
coarsely granular : hereupon the granules fuse with one another into shorter or longer 



Fig. 104. — Changes in the celhniicleus during the division of the mother cell of a stoinn 
of In's ptmiila (i). In 9 the division is completed and the two guard ccllj; have been 
produced. The dark portions are nuclein {X 880— after Strasburger). 


filaments, curved in all directions. The nucleoli often remain preserved in vegetable 
cells for a long time, much longer than in animal cells : finally they too enter into the 
formation of filaments; and the wall of the nucleus also becomes concerned in the 
process. In the fare cases where this does not happen, they disappear, at least at 
the poles of the nucleus. When the wall of the nucleus has become, as is usual, 
completely absorbed, the filaments lie immediately in the surrounding protoplasm of 
the cell, and may in many cases be dispersed somewhat widely in it. The nuclear 
filaments (filiform arrangement of the nuclein) are, particularly in round cell-nuclei, 
nearly equally distributed through the entire space of the nucleus ; in elongated cell- 
nuclei they follow more or less the longitudinal axis. They begin later in all cases to 
place themselves parallel to one another. If an elongation of the cell-nucleus in a 
definite direction has taken place meanwhile, the filaments become elongated in the 
same direction. Two poles become plainly distinguishable in the cell-nucleus. The 


Kenntniss der Zelle tmd ihrer LehenserscheinungeUf I. and II ; in Archiv fiir mikroskopische Ana- 
tomic, Bonn, Bd, XVIII. and XX. 18S0-81; and Schmitz, ^ Sirzcktur des Protoplasinas tind der 
Zellkerml in Sitzimgsber. der niederrhein, Gcs. fiir Nat. und Heilk. 211 Bonn, 13 July, 1880. 
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more or less linear extended filaments are usually connected at their ends; now and 
again they become connected also at other points by cross bridges. Later, in cell- 
nuclei poor in contents (i. e. containing little nuclein), the individual filaments become 
drawn together in such a manner, that they form a simple layer of rodlets or granules 
in the equatorial plane. If the filaments were fused at their polar ends, this con- 
nection is first loosened. In cell-nuclei rich in contents (i. e. rich in nuclein) the 
filaments also maintain a considerable length in the stage now treated of, and they 
may even reach from the one pole of the nucleus to the other. In nuclear figures 

with equatorial bridges, the loops open, not only in the filaments turned tow^ards 

the poles but also in those lying equatorially. The equatorial connecting filaments 
hereupon resolve themselves chiefly into V-shaped figures placed radially with the 
free legs directed outw^ards. The filaments directed tow^ards the poles become 
more or less drawm towards the equator and at the same time shortened, or they 
maintain their original lengths. They converge somewhat towards -the poles, 

or run almost parallel to one another, or curve, .even spreading strongly out- 

wards from one another. In the formation of the nuclear figure described, the 
whole stainable substance (the nuclein) of the cell -nucleus is demonstrably 
employed^' 

Strasburger distinguishes this everywhere as thenuclear disc. This consists 
therefore in the simplest case of a simple layer of granules or of straight parallel 
rodlets. These elements are visibly separated from one another; and, looked at 
from one of the nuclear poles, a radial arrangement is sometimes to be discovered, 
sometimes not. The rodlets of the nuclear disc (the nuclein rodlets) may, how- 
ever, also be of more considerable length, and at the same time be curved in an 
irregular manner, spreading very much tow’^ards the exterior. On both sides 
of the nuclear disc, in the great majority of cases, delicate fibrillae are visible 
which (with colouring media such as hsematoxylin) are generally stained only 
faintly or not at all. These are the so-called spindle striae or fibrillae of 
Strasburger. 

‘These form together with the nuclear disc (the described arrangement of 
the nuclein) the nuclear spindle. The spindle fibrillae show themselves most beau- 
tifully and plainly when the nuclear disc is limited to only one equatorial layer of 
granules or rodlets. They are so much the less visible the greater the extension 
of the nuclear disc (i. e. again the nuclein rods) towards the poles.’ The so-called 
spindle fibrillae of Strasburger are, according to his view, formed from the substance 
of the surrounding protoplasm, or they belong, as we may well assume, to the 
ground substance of the cell-nucleus, the nucleo-plasma, ‘ Since now the formation 
of the spindle fibrillae,’ says Strasburger, ‘ starts from the two poles of the cell- 
nucleus and proceeds towards the equator, the continuous spindle fibrillas, which 
can be traced betw^een the elements of the nuclear disc (the rodlets of nuclein) from 
one pole to another, can only have originated by fusion of the ends meeting one 
another. Other spindle fibrillae join the elements of the nuclear disc (the nuclein 
rodlets) on both sides. 


^ The staining of the nuclein is brought about especially by means of haematoxylin, wfith the 
aid of picric-acid, alum, and other reagents. Compare the works mentioned in note 2, p. loi. 
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^The division of the nuclear disc (which consists of nuclein rodlets) is ac-- 
complished in the equator, and both halves separate from one another. Elements 
which lie in the equatorial plane, or run through it, undergo division. With granules, 
rods, and rodlets, this takes place simply by constriction. If the nuclear disc 
consists of accumulated granules or rodlets, one part goes over on the one side, the- 
other part on the other. The process is more complicated in nuclear discs which 
present filaments placed equatorially. These form mostly two or more legged 
figures, with the ends of the legs turned outwards. The figures become doubled 



Fig. 105.— Changes of the ceir-micleus during division. 1—3 from the endosperm o( Aoi/nwrordon 
fragrans; 4— S Irovx Allium odornm. The dark portions are the Nuclein {after Fleniining; strongly 
magnified). 


into two similar ones, or now pass over to the corresponding daughter-nuclei in 
such a manner that their fused ends are directed towards the pole, their free ends 
towards the equator." 

^During the development of the daughter rnuclei/ proceeds Strasburger, ^ they 
are usually nourished at the same time from the surrounding protoplasm, that 
they may grow up to the size of the mother-nucleus. This may be followed very 
well in Spirogyra^ on account of the free suspension of the nucleus in the cell. All 
the protoplasm collected at the polar, side of the daughter-nucleus, and here forming 
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a layer of considerable thickness, is finally consumed by the young daughter-nuclei, 
which increase in size accordingly. An absorption of the protoplasm of the cell, 
collected together at the poles of the nucleus, can also be clearly made out in 
ihQ oi Tradescantm.' 

After these changes have occurred in the nucleus and protoplasm, the forma- 
tion of the new partition walls begins, and I will describe this also according to 
Strasburger’s statements. ‘That may be regarded as the commonest form of cell- 
division in the vegetable kingdom,' he says, ‘which is accomplished by means of 
a partition wall originating in the connecting fibrillse between the nuclei. The 
few filaments which finally remain behind between the separating halves of the 
nuclear disc, and which are to be referred to spindle fibrillse, become elongated 
and increased in number by the deposition of new cell protoplasm, which becomes 
like them differentiated into filaments. The newly added filaments are not to be 
distinguished from those originally present : they react like these, and consequently 
again support the view that the spindle fibrillse are cell protoplasm/ Strasburger 
understands by the expression ‘cell-plate,' a plate-like arrangement of small granules 
from which the new partition-w^all arises. He says it is difficult to decide as to 
the chemical nature of thes'e granules. 

‘ So much is certain,' says Strasburger, ‘ they enter directly into the formation 
of the cell-wall. There is thus probably not a layer formed of protoplasm, which 
subsequently becomes split up and secretes cellulose at the separating surfaces;' 
but the cellulose wall probably originates directly from material conveyed to the 
spot. I have been able to establish in the living Spirogyra that the granules destined 
for the formation of the partition-wall wander as such to the place where they 
are employed. In other (the most numerous) cases, on the contrary, the granules 
appear to be formed at the spot, there and then. 

‘ It is especially striking that they are at first small, gradually becoming larger. 
The connecting fibrillse usually become laterally extended so far, that they spread 
over the entire transverse section of the cell. Where this has happened, the cell- 
plate also extends across the w'hole cell. The cellulose wall is formed simul- 
taneously from this, and fits close on the wall of the mother-cell at the periphery. 
Where the complex of connecting fibrillae is not able to extend completely across 
the cell, it attaches itself first to one side wall of the cell, and, fitting close 
to this, the formation of the partition-wall out of the cell-plate begins. From the 
developed w^all, however, the complex of fibrillse becomes slowly withdrawn, 
growing at the same time at its free edges by the continual formation of new 
connecting fibrillae; and within this the cell-plate becomes completed, until it 
extends completely across the cell. These differences are conditioned by the 
size of the lumen of the cell, in relation to the mass of the protoplasm. In the 
cases where the cell-plates at once traverse the lumen of the ceil, or at least but 
few movements are executed to this end, the cell-nucleus also lies approximately 
in the middle of the cell: where, however, the cell-plate has to extend across the 
lumen progressively, the cell-nucleus lies on one side wall of the cell, and becomes 
divided in this parietal position. Only after the foundation of the cell-wall is a 
connected layer of protoplasm, produced- on both sides of it. In this numerous 
granules are often found still embedded, which have not been used up in the 
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formation of the cellulose wall. The connecting fibriilse hereupon become indis- 
tinct; they sink together to a structureless mass of plasma, which is withdrawn 
to the wall of the cell, or they fuse to several coarser fibres, or they simply dis- 
appear in the surrounding protoplasm/ 

The processes of cell-division hitherto described may be considered as typical : 
but, under certain circumstances, more or less deviating forms occur. 

Passing over isolated cases, we may turn at once to the processes which have 
hitherto been distinguished as essentially different from those above described, 
under the name of Tree cell-formation.' Apart from the cases already mentioned 
in cryptogamic plants, it is especially in the formation of the endosperm in the 
embryo-sac within the ovule of the Phanerogams that the so-called free cell- 
formation occurs. The opinion was for a long time held, that in the protoplasm 
of the embryo-sac a great number of cell-nuclei arise simultaneously and inde- 
pendently of one another, as it were 
like crystals out of a mother-liquor, 
and that around each of these a por- 
tion of protoplasm collects which then 
becomes eAveioped with a cell-mem- 
brane. According to Strasburger*s pub- 
lications, however, the numerous cell- 
nuclei visible in the protoplasm of the 
embryo-sac, also arise by the division 
of one originally existing nucleus ; and 
these nuclei then multiply rapidly bf 
bipartition. fBetween the freely mul- 
tiplying nuclei,' says the observer men- 
tioned, Connecting fibrillse are visible 
in the usual manner. In some cases 
these disappear very quickly, without 
increasing; in others they grow but 
imperfectly ; in yet others, however, the 
connecting fibriliae are seen to become considerably increased as in ordinary cell- 
division, and a cell-plate appears in them. 

‘Between the formation of free endosperm and the formation of numerous 
coherent cells, a distinction no longer exists. If, for instance, numerous spores are 
to be developed in a sporangium (cf. Fig. 98), or numerous oospheres in an 
oogonium, or, finally, numerous spermatozoids in an antheridium, the nuclei in 
most cases are seen in the first place multiplying freely by bipartition, and arranging 
themselves at approximately regular distances; and then separating laj^ers appear, 
by means of which the mass becomes cut up into as many divisions as there are 
cell-nuclei. Each nucleus then occupies the middle of a cell. Connecting threads 
are here not to be observed.' 

The departures from the above described typical form of cell-division, and 
especially of nuclear division, go still further in many Algse and Fungi. Thus, 
Schmitz observed in the older cells of the Characem, in which the most various 
kinds of nuclear division are to be found, that the nucleus breaks up into two 



Fig. loS.—Cominencing development of partition-walls between 
tile nuclei produced by successive divisIbfB'iu-the embryo sac of 
Agfimonia enpatoruon. (After Strasburger— very highly mag. 
jrfied,) 
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nuclei by an annular constriction ; or there is formed in the interior of the nucleus 
a fissure, which extends towards the exterior, and so leads to the division 
of the old nucleus. It is not necessary here to enter further upon other cases of 
division of the cell-nucleus described by Strasburger and Schmitz; however, the 
fact discovered by the former, that a fusion into one of previously distinct nuclei 
occasionally occurs, maybe mentioned^ here. On the*other hand, according to the 
statements of Schmitz, it may also happen in very simply constructed filamentous 
Algae {Chroococcacem, Oscillarice, Nosiocacedb^ that a properly defined nucleus is 
not to be demonstrated at all in the protoplasmic bodies of the small cells. Granules, 
which are characterised as nuclein by their reactions towards haematoxylin, are 
found distributed in the whole mass of the protoplasm of the cell. 

When the cell-division runs its course in the typical manner above described, the 
behaviour of the cell-nucleus easily gives the observer the impression that the impulse 
to cell-formation proceeds from it; and that the division of the protoplasmic body and 
the later origin of the cell -wall are caused by the activity of the nucleus. There 
are, however, facts which show that, on the one hand, cell-nuclei may be repeatedly 
divided without a corresponding division of the cell ensuing, as is the case in the 
large-celled Algae with very many nuclei: on the other hand, again, cell-divisions 
(i.e. divisions of the protoplasmic body with subsequent formation of partition walls) 
may also appear in the same plants quite independent of the division of one or 
several nuclei. The above described typical process of cell-division is thus only 
the ordinary case, and occurs in higher plants almost without exception. It must 
not be concluded from this, however, that the described changes of the cell-nucleus 
are the cause of the division of the cell itself: we have here rather a coincidence 
of two processes, which in other cases may appear separately — the division of the 
nucleus, and the cell-division itself. 

There are yet a few other remarks of general importance to be added here. 
Above all, is to be mentioned the fact that the whole protoplasmic body, with the 
nuclear substance contained in it, may, under certain circumstances, begin a new 
life. This, again, happens more frequently in the Algae. The protoplasm &c., 
becoming loosed from the already existing cell-wall, contracts by driving out 
water, rounds off, and leaves the cavity of what had hitherto been the cell to 
swim about for a longer or shorter period as a swarm-spore, in the form of 
a naked protoplasmic body: finally it becomes fixed, and, after the formation 
of a new cell- wall, developes into a new plant. Also the case must be mentioned 
where, by the union of two cells hitherto foreign to one another (or at least com- 
pletely separate from one another), a single new cell is formed; two protoplasmic 
bodies containing nuclei fuse together, and represent a single body, which now 
becomes surrounded with a cell-wall, and sooner or later grows forth into a new 
plant. If the two fusing cells are of equal size, and generally similar, the process 
is termed ‘conjugation': this is the normal form of reproduction in many Algaa 
and some Fungi. Conjugation is, however, only the simplest form of sexual repro- 
duction, the essence of which consists in that two nucleated masses of protoplasm, 
which are not in themselves capable of any further development, furnish by their 
fusion a product which is capable of development. In its typical form, however, 
this sexual act consists in a relatively large cell, formed only of protoplasm 
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and nuclein but without a cell-wall — the oosphere, taking up into itself very small 
movable corpuscles, the spermatozoids, and being thereby impelled, by the secretion 
of a cell-wall, to constitute itself into a true cell surrounded with a membrane, from 
which a new plant now proceeds. This is the case in all Mosses, many Algee., and 
all Vascular Cryptogams. In the Phanerogams, however, the oosphere is incited to 
further development by a substance passing over into it from the fertilising pollen- 
tube. According to Strasburger’s statement it appears that this fertilising substance 
is essentially the nuclein of the pollen tube. Zacharias and Schmitz are of opinion 
that in the Cryptogams the fertilising spermatozoid originates from the nucleus of 
its mother-cell; so that fertilisation appears to be essentially a matter of the trans- 
ference of the substance of the cell-nucleus, especially of the nuclein, out of the 



I'lG. i&j.—P'aucheria sessilis (X 30). ^ exi't of a swarm-spore [sp) ; B, C its j^'eruiiiiation ; 
/) H-cnninatmg plant devoid of a root ; B., F older plants' with roots {?/') ; s/> the original spore 
still visible as a swelling ; g? and h (in F) sexual organs. 


male organ into the oosphere k A further pursuit of this topic, however, belongs 
to the theory of sexual reproduction, to be treated of later. 

Finally, with reference to the facts presented hitherto, we have still to cast a 
glance at the non-cellular plants, the CodoUasfee. These plants are often of 
considerable size, and develope roots and shoots, even leaf-forming shoots, fructi- 
fication, and sexual organs, without their internal substance being converted by cell- 
division into a system of chambers. A plant of this nature, as we have already learnt 
from several examples (Caulerpa, Bryopsis, Vaucheria, Mucor), is a much branched 
vesicle, the various protuberances of which represent the difierent organs; roots, 
shoots, leaves, sexual organs, sporangia, and so forth. The wail of the vesicle is 
a cell-membrane, and its contents protoplasm and cell-sap ; and, with reference solely 


^ Gn'the nature of the spermatozoa, see Zacharias, Bot, Zeitg. 1881, Nos. 50, 51. 
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to this condition of affairs, the whole plant may be considered as a single cell, or 
as a uni-cellular plant. It affects the fact little, that under certain circumstances, at 
particular places of such a plant, transverse septa arise in the vesicle. The main 
point is, that growth, i.e. the increase in volume and external configuration, is 
not here accompanied by corresponding cell-divisions as in other plants. So much 
the more remarkable appears now the fact, established by Schmitz since 1878, 
that in the protoplasm of these Coelohlastm numerous, even hundreds and thousands 
of cell-nuclei are contained, wdhch, with the advancing growth of the plant, are 
multiplied by division, and obtain a -definite arrangement within the protoplasm; 
thus behaving in a certain measure as if .it were simply that the corresponding 
partition- walls are not formed. This impression obtains in importance still more 
in that, according to Schmitz, the cell-nuclei are most numerous at the growing 
point of the vesicle, thus behaving as in the growing point of a cellular plant. 
Nevertheless, it is not at all probable that the are degraded or reduced 

forms — ^i.e. we cannot well assume that they have arisen from proper cellular 
plants by the cell-division, assumed as formerly existing, having ceased to develope 
partition-walls. Be that, however, as it may, the fact remains for physiological 
consideration that in the protoplasm of these plants a certain quantity of nuclear 
substance (especially the nuclein characteristic of it) is distributed in formed 
portions and at small intervals, and is especially aggregated in the growing 
points. From this fact, we obtain once more, as we have already obtained from 
other sides, a certain insight into the true significance of the cellular structure 
of plants. We need only imagine in a not too complex cellular plant 
(a higher Alga, a Moss, or even a vascular plant) that in the substance enveloped 
by the outer wails of the epidermis, the cell-walls are simply wanting; whereas 
the protoplasm, with the cell-nuclei distributed in it, behaves essentially just 
as if these cell-walls were present.. Thus we have, on the whole, the structure 
of a Ccelobiasi, On the contrary, we need only imagine the inner cavity of 
such a Cceloblast to be divided up by numerous transverse and longitudinal 
partition-walls into very numerous small chambers, each of which encloses one 
or several of the cell-nuclei present, and we should thus have an ordinary cellular 
plant. It is however very easily intelligible that not only the solidity, but also the 
shutting off of various products of metabolism, the conduction of the sap from place 
to place, and so forth, must attain greater perfection if the whole substance of 
a plant is divided up by numerous transverse and longitudinal walls into cell- 
chambers sharply separated off from, one another. 
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FORMS AND SYSTEMS OF TISSUE : EPIDERMAL TISSUE AND 
VASCULAR BUNDLES. 


By the term ‘cell-tissue’ is designated in general the cellular structure of 
plants. In particular, however, we understand by a form of tissue, a layered, fibriform, 

or other mass of cells, which, in their 




growth and other physiological rela- 
tions, present a certain agreement, 
and are distinguished from the other 
neighbouring masses of tissue. It 
commonly happens that several forms 
of tissues are again connected with 
one another ; so that they constitute a 
whole of definite physiological cha- 
racter. Such a union of tissues is 
termed a ‘system of tissues.’ Before 
entering more closely into the descrip- 
tion of tissues and systems of tissues, 
however, it is perhaps desirable to 
learn how the expression ‘tissue’ in 
general has been introduced into 
vegetable anatomy, and later also 
into the histology of animals. In 
this expression \ve have in fact to 
do with a historical curiosity; since 
it is clear from what has been already 
stated, that the cellular structure of 
F,a..08.-Tra„.v.«. section oftheshoot.a,is of posscsses Very Httk rcseni- 

The epidermis and several layers of blanCC tO what are USUally Called 

sess dark-coloured thick cell-walls ; the fundamental tissue, with thinner- 

walls, envelopes three fibro-vasciilar bundles, which are separated from tlSSUCS SUch aS Hneil cloth Or 
it by large intercellular spaces (/). ’ ? } 

Brussels lace, See. Nevertheless, the 
expression cell-tissue depends upon an erroneously assumed resemblance of cellular 
structure to the things mentioned. One of the first founders of vegetable anatomy, 
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Nehemiah Grew (1682), believed that he had discovered that the cell-wall frame- 
work of plants consists of exceedingly fine fibres ; and that the cellular structure 
itself is to be compai*ed to a great number of pieces of Brussels lace arranged 
upon one another in layers. In this sense he spoke of a cell-tissue {contexfus 
cellulosus) of plants. Although the erroneous character of this view has long l3een 
known, the name has still been preserved, and even transferred from vegetable 
anatomy to animal histology. This need not be wondered at, since a very great 
number of other scientific terms date likewise from early erroneous conceptions. 

I shall in this lecture only attempt to expound the most general principles 
of tissue formation ; and in doing this, I shall again first deal with the typical 
forms of tissue, leaving many abnormal tissue structures to be mentioned 
later. 

As will be remembered from what was said in the last lecture, the cells of 
a cellular plant arise by the intercalation of new partition-walls in the cell-cavities 
already existing; and as the cel- 
lular bodies grow, new partition- 
walls are repeatedly intercalated in 
the cell-cavities, in various direc- 
tions, and in definite order as 
regards time. It follows im- 
mediately from this, how'ever, 
that it is utterly incorrect to re- 
gard the cells of a growing plant 
as structures originally free, and 
only fusing with one another later. 

This erroneous view, which phy- 
totomists entertained in earlier 
decades, must necessarily lead to 
the further, but also unfounded 
assumption, that the partition-wall between each two neighbouring ceils consists from 
the beginning of two separate lamellae ; and accordingly a cement was further believed 
to be necessary, by means of which these wall-lamellae of neighbouring cells were 
stuck fast together. This cement was called the intercellular substance- The organ- 
isation of the partition-walls, especially in cells with thick walls, appeared thoroughly 
to confirm this view. This has long been given up, however, since we now kno’vv 
that each new partition-w^all between two neighbouring cells of a tissue appears 
as an immeasurably thin solid membrane; and that, from the mode of origin of 
the latter, as described previously, not the remotest reason exists for considering this 
membrane — the new partition-wall — as consisting of two lamellae. If later on, with 
progressive growth of the tissue-cells, the thickened partition-wall nevertheless 
presents itself as a double lamella, or as already mentioned becomes split into two 
lamellae so that spaces arise between the cell-chambers, this is simply due to 
a subsequent splitting of the originally simple partition-wall into two lamellae, and 
is not a proof that the partition-w^all was composed, in the first instance, of two 
such lamellae. 

If the partition-walls between neighbouring cells attain a considerable thickness 



Fig. 109.— Transverse section through the soft parenchyma of the stem 
of Zect Mays, partition wall common to each of the two cells ; s inter- 
cellular spaces produced by the splitting of this wall. 
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by means of subsequent growth, we- observe between each two chambers (as Fig. li o 
shows) not a double w^all, but three layers. The cavity of each one of the 
neighbouring cell-chambers is in fact enclosed by, a more or less thick layer; 
while between the two lies a middle layer, which usually behaves differently 
towards chemical reagents. This is either capable of swelling to a great extent, or 
is very strongly lignified or cuticularised. I, distinguished this layer fifteen years 

ago, in order to exclude every theoretical expla- 



■ fig. no.— Transverse sections of thickened 
cells, showing: the middle lamella (w); * the 
whole mass of cellulose lying upon this middle 
lamella ; / lumen of the cell from which the 
contents have been removed. A from the cor- 
tical tissue of the .stem of Lycopoduim channz^ 
cyJ>ariiSHs i?wood cell.s from the inner wood of 
a young fibro-vascular bundle of Heliantkus 
anmms; C wood of Pimts- syivestris, st a 
medullary ray. 


nation as to its origin, as the middle lamella of 
the thickened partition-wall of adjoining cells. 

As one of the most general results of the his- 
tological researches of the last four or five decades, 
it is remarkable that the whole internal structure 
even of , the most highly organised plants arises 
from cells in the manner described. The older 
phytotomists were by no means of opinion that 
all the histological elements of highly organised plants 
could be considered as cells: they distinguished, 
rather, three chief forms, viz. cell-tissue, fibres, 
and vessels. Fibres are the long-drawn elements 
of the bast and wood running to a point above 
and below ; vessels, again, are long prismatic or cylin- 
drical tubes which run particularly in the wood. 
It was one of Mohl’s greatest services to demon- 
strate that the fibres, as well as the vessels and 
all other elements of the plant, arise by the pro- 
gressive growth and changes of form of primitive 
ordinary cells. For as, according to what has 
been already said, the leaves, roots, and such 
organs are constructed in the form of outgrowths 
from the growing-points of the higher plants; so 
also all the various forms of tissues arise from 
the embryonal-tissue of the growing-point. In this 
we find, in’ fact, very small thin- walled cells, all 
alike, and entirely filled with protoplasm and cell- 
nucleus: these cells are constantly multiplied during 
their growth by the intercalation of new partition- 
walls. The youngest organs which grow forth 
from the growing-points themselves consist of such 
embryonal tissue;, and in proportion as the young 


organs increase externally in size and complete 
their configuration, the embryonal tissue in the interior also undergoes further 
changes. The tissue, quite homogeneous at first, becomes differentiated into layers 
and strings of various nature; and with the growth of the organ itself, this 
internal differentiation into various forms and systems of tissues proceeds also, 
until in the fully grown organs the typical tissue forms have attained com- 
plete development. ;Tt is not my object to describe in detail this progressive 
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differentiation of the forms of tissue out of the homogeneous einbryonai tissue 
of growing-points and embryos ; it suffices for oiiir purpose to understand the 
forms and systems of tissues in their developed condition. Even in this, however, 
I confine myself to the most necessary points. It only concerns , us at first to 
describe the tissues arid systems of tissues generally distributed in the vegetable 
kingdom: the description of all those histological matters which subserve special 
physiological functions may be deferred uritil I have to speak of the latter themselves. 
We. might otherwise at this period easily deteriorate into a dry formalism and a 
wearisome systematic arrangement, which will best be avoided by treating of the 
various points when discussing their physiological significance. 

If we imagine any plant W' hate ver consisting of cell-tissue, and living in water, 



Fig, III. — Fructification of Boletus Jlavidus in Ion- Fig. iia.— -Transverse secti^ofthe stem ofBry 7 (m 

gfitudinal section, and slightly magnified, jri* stipes ; ' roseutn (X 90). root hairs, produced by the out- 
pileus ; hy hymenium ; v velum ; h the cavity beneath growths of single cells of the extemaliaytir. 

the hymenium; continuation of the hyinenial lasher 
on the stipes; hi the removable yellow skin of the 

■piSeus. ■ ' ■ , 

earth, or air, the first thing demanded of its organisation is an efficient shutting 
off of the tissue-masses from the surrounding world : an external layer of cells, or 
according to circumstances several such layers, obtains- greater solidity arid other- 
peculiarities, by means of which this shutting off is effected. Thus there arises 
in the first instance the differentiation of an epidermal tissue as distinguished from 
the inner mass of tissue; and it need hardly be added that the contrast between 
the two is the more marked the more important is the actual shutting off from 
without. In the roots of land-plants and in the shoots of submerged water-plants, 
where the whole surface subserves the absorption of nutritive matters, the formation 
of epidermis will obviously be less conspicuous than in shoot-axes and leaves 
which live in the air, and have to be protected above all against the loss of 
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water by evaporation; and if true roots here and there come into the same 
position, as is the case with the aerial roots of epiphytal Orchids and many 
Aroids, in these also the development of epidermis is more pronounced than in 
ordinary roots. 

If a plant consisting of cell-tissue attains a certain size, and a ’sharper dif- 
ferentiation of root and shoot, and of assimilating leaf-like portions in contrast 
to the shoot-axes results, the demand arises in the plant for channels through 
which, on the one hand, the matters absorbed by the roots may be conveyed to 
the organs of assimilation, and, on the other hand, the organic substance there 
produced may be conducted to the remaining parts of the body of the plant. 



FIG. 113. — Apex of the shoot of Tradescaniia FIG. it4, —Transverse section through a young iuternode 

albiflora rendered transparent in order to show ^ of the shoot axis of Tradescantia albiflora, b, b vascular 

the course of the vascular bundles. 1, 2, 3, the bundles. The large cells are parenchyma of the ftmdainciual 

cut-off leaves. {After De fiary.) tissue, (After De Bary.) 

This is usually accomplished by means of fibriform arrangements of elongated 
cells, running from the roots through the shoot-axes to the organs of assimi- 
lation. In lower stages of orgWsation, as in the Algse (e. g. many Floridece) 
and Mosses, this stops short with the differentiation of elongated cells, which differ 
Otherwise but little from the surrounding tissues. In higher stages of organ- 
isation, on the contrary, i.e, in all vascular plants (the higher Cryptogams and 
Phanerogams), however, these undergo a very peculiar and complicated develop- 
ment, as strands of tissue serving as channels for the sap, and constitute the vascular 
bundles or fibro-vascular strands* ■ 
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Tims, with a little consideration, and bearing* in mind the most general vita! 
conditions of the plant, we find that there is a triad of tissiie-sj'stems which 
compose the bodies of highly organised plants; or, put better, three systems of 
tissues arise in these plants by differentiation. These are the epidermal tissue, the 
fibro-vascular strands or vascular bundles, and the remaining tissue, which I have 
already distinguished from the other two as the fundamental tissue. It has 
recently been attempted, it is true, to resolve these three systems of tissues 
into a greater number of different forms of tissues ; in this, however, either quite 
subordinate physiological points of view, or even purely formal morphological con- 
siderations have been started from. I find, after all that has been said in this 
direction in the literature of the last six or eight years, no ground whatever for 
giving up the classification into the three systems of tissues named, which is, moreover, 
almost universally accepted ; and so much the less, since all other histological con- 
siderations can be harmonised with these three systems in a perfectly miconstrained 
manner. This is possible on the one hand even with very highly organised vascular 
plants, where, at least in the young states of the organs, epidermal tissue, vascular 
bundles, and fundamental tissue are at once prominent as the three essential systems ; 
on the other hand, I do not know how this triple division is to be evaded in 
the Mosses, especially in the more highly organised true Mosses, as well as in the 
more highly developed Algae. The last named subdivisions of plants present, rather, 
very fine examples of rudimentary forms of the three systems of tissues. If we 
take into consideration, finally, the forms reduced or degraded from the highly 
developed types, such as phanerogamic water-plants and parasites, it again results 
that all other difierentiations of tissues fall completely into the background as 
secondary matters in contrast to those here brought forward. 

As in the consideration of the external segmentation of plants, I shall here 
also introduce in the first place the typical highly developed forms, in their most 
important relations of configuration, and then come back to some rudimentary 
and derived or reduced forms. 

We find the typical forms of the three systems of tissues, however, developed 
chiefly in the axes and leaves of aerial shoots, and the following statements are 
in the first place intended to refer to these. 

The Epidermis is the superficial tissue of the younger shoot-axes and leaves, not 
yet altered by the requirements of an advanced age ; since in true roots a specially 
organised epidermis can but rarely be^ spoken of, and even in submerged 
water-plants the outer layer of tissue is often scarcely to be distinguished from 
those lying deeper. In its typical form, the epidermis is thus found on the 
leaves and shoots exposed to air and light, and is but little modified even on 
those underground. Physiologically understood, the epidermis is, as already 
mentioned, the layer of tissue sharply marking off the organ concerned from 
the exterior, and its essential properties chiefly amount to this, — to hinder the 
evaporation of the fluids contained in the cell-tissue, and to prevent injurious 
influences entering from without ; while, on the other hand, through more or 
less numerous stomata, a means is afforded of discharging the aqueous vapour 
formed in the interior, accordiiig tp need, and at the same time of facilitating 
the entrance and exit of carbon dioxide and oxygen gas. We may regard 



LECTURE yiU. 



this as the proper function of the epidermis; though it is by no means gain- 
said that the most various other functions are required of it according to circum- 
stances. 

Let us first consider the arrangements of the epidermis serving for exclusion h 
It consists usually of a single layer of tabular, or more rarely of columnar cells, the 
lateral walls of which are in close contact on all sides ; so that the layer usually 
constitutes a very thin but, in relation to its thickness, extremely firm membrane 
formed of cells, which on , leaves and young shoot-axes can in many cases be 
stripped off over wide areas. The external wall of the epidermis cells is usually 
of considerable thickness, and is occasionally so thickened that the cavity is 
relatively insignificant. In rarer cases it is the wall of the inner side which 
presents the strong thickening. The contents of the epidermis cells are usually 
devoid of chlorophyll grains, even on leaves and shoot-axes abounding in chloro- 
phyll; yet not unfrequently, especially in Ferns 
and some Phanerogams, and particularly those 
^ growing in the shade, the protoplasmic lining 
of the w^all also contains chlorophyll grains; 

^ and in submerged water-plants the chloro- 

d A phyll contents of the external cell-layer (repre- 

senting the epidermis) may be even particu- 
larly abundant. The shutting off, already more 
or less completely ensured by the thickening 
^ of the outer walls, is however considerably 
promoted by means of a pellicle, usually 
very thin but sometimes thicker, which runs 
continuously over the outer surface of all the 
epidermis cells, and is distinguished as the 
" Cuticle. The substance of this thin pellicle, 

' the properties of which agree essentially 

Fig. 115.— Epidermis of the im'drib of the leaf of „ r 1 J’iT , r 1-., 

aqin/oliu7n. ^ transverse section; i? surface view from With thOSC Ol COrk, UllieiS irom CeliUiOJe 

it is dissolvcd by alkalies, but withstands 
concentrated sulphuric acid (which liquifies 
cellulose), and its most important property consists in that it is permeated onh 
with difficulty by water, thus hindering the entrance and exit of that liquid. 
Hence the cuticle is especially thick in leaves and shoot-axes which have need 
of considerable protection against the evaporation of the water of the cells, as on 
the leaves of ever-green plants and of succulents (e. g. Agave ^ Aloe, Firs, and 
species of Cae/us), Very frequently the protection afforded by the cuticle is 
enhanced by the cutin or cuticular substance being also deposited in the outer 
walls of the epidermis cells themselves, and forming in these the so-called 
cuticularised layers of the walls of the epidermis cells. As a further step towards 
the shutting off from the outer world, and especially against the entrance of 
rain-water and dew, w^e may regard ,the formation of wax, partly in the sub* 


^ The most thorough description of the epidermis is found in De Bary^s classical work, 
gleichefide Anafomie der Vegetations-organe der Phamrogamm und Farnel Leipzig, 1877. 
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Stance of the outer wall of the epidermis and the cuticle itself, partly on the 

outside of the latter. These waxy deposits, first exactly investigated by De Bary, 

appear in the form of exceedingly small granules on the surface of the cuticle, 
or as fine rodlets, or lastly as continuous, occasionally very thick, crusts of wax, 

which, in virtue of their fatty nature, do not allow water to adhere to the 

epidermis; so that rain and dew hanging on the shoots usually form round 
drops. If such leaves clothed with wax are dipped in water, they exhibit in it 
a silvery.glancing layer of air, and after withdrawal, it is found that they have 
not been wetted by the water, but are dry. 

By means of this arrangement, the internal tissue is protected against the 
loss of those substances which would 
diffuse out through surfaces coming di- 
rectly in contact with water — a point 
to which I shall return at another 
opportunity. It is obvious, by the way, 
that the arrangements just described are 
w^anting in subterranean and submerged 
shoots which absorb water and nutritive 
materials from without.. 

Although the leaf-surfaces are pro- 
tected in the manner stated against the 
entrance of water from without, as well 
as against the unlimited evaporation 
of the water of the cell-sap; there yet 
remains on the other hand the necessity 
of letting aqueous vapour escape according 
to circumstances from the assimilatory 
surfaces into the atmosphere, in order that 
fresh water containing nutritive materials 
absorbed by the roots may follow on into 
the organs of assimilation; and it is like- 
wise necessary to provide passages for 
the entrance of carbon dioxide as well as 

the exit of the oxygen gas produced by its decomposition. We find these in the 
so-called stomata of the epidermis. The more vigorous the transpiration, and, 
consequently, the more copious the absorption and decomposition of carbon 
dioxide by means of the chlorophyll-corpuscles, the more numerous in general 
are the stomata. Hence it is pre-eminently on the surfaces of the green organs of 
assimilation, the foliage-leaves, that they occur in enormous numbers ; while they are 
always wanting at the roots, and are only found on subterranean and submerged 
shoots incidentally and in small numbers. On the sub-aerial shoot-axes and other 
organs they are more or less numerous according to circumstances. The extra- ' 
ordinary minuteness of the stomata, in connection with the properties of the cuticle 
which clothes them, prevents water tinder ordinary circumstances from entering 
by capillarity, and likewise prevents dust, fungus-spores, &c., from penetrating 
their openings ; while an adequate exchange of gases and discharge of aqueou§ 



F'lG. ai6.— Epidermis And layers of tissue immediately 
subjacent, of the haulm of Saccharum offiCiinarum (Sugar- 
cane). A internode B node— showing wax formations on the 
surface. (De Bary.) 
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Fig. ii?.-— T ransverse section of the 1 


sclerenchyma cells ; £ cells of the leaf paretichyrn: 
the contents contracted. 


vapour can always be provided for by a corresponding increase in the number 
of these fine openings, and by the plant at the same time possessing the power 
of enlarging or diminishing the width of the stomata according to requirement. 

The extreme narrowness of these , openings, 

■; . even at ■ the maximum,: is ' ;shown ' ;by;\^ 

statements of Mohl, according to \vhich the 
W l very large stomata of various species QiLitium 

mil . MJm may be widened up to yti)- most, and 

those of Indian corn {Zea Mays) up to jIq mm. 

' at most ; while Unger gives the size of the open 

fissures of Agapafiihus unibellatus as 0-000047 
^ extraordinary minuteness is 

compensated by the large ■ number of the 
ml //m stomata. On the foliage leaves, they amount 

per.sq. mm. in the most frequent cases to 
n 40-100, very often 100-300, occasionally even 

FIG. .X7.-Transverse section of the leaf of 6oO-^OQ B,nd 11101*6 SO that the epklemiis 

Pmasier {xSoo). j guard-cells of a stoma (/). under r fn1i’oo*A aF ffinv rm-»«;irlp7-ah1p qiVp !«; 

which is^the air-cavity/; entrance, .surrounded by the 01 a lOliage leai OI ally COllblUCiaUlC SlZC IS 

epidermis ceils, the cuticle W of which is very thick ; f pH hv •rnanv i-nilliAnq nf fhp«^P Fnp 

a the middle lamella, and f the thickening layers of the pClieU aieG DJ' mail}- mimOllS 01 inese fllie 

tJLTonSrcom^^^ openings.— Ill accordance with the object of 

the stomata above indicated, they are fiinda- 
_ ^ mentally nothing but the mouths of the inter- 

Y cellular spaces of the internal tissue which 

^ II P II are . developed pre-eminently in the organs 

rich ^ in chlorophyll ; and the stomata are 
= also again only intercellular spaces between 

peculiarly formed cells of the epidermis, the 
so-called guard-cells. Every stoma, ivhere 
it penetrates the epidermis, is surrounded by 
two peculiarly formed cells, the guard-cells, 
y . ^ ^ the partition-w-all of wdrich, originally simple, 

I become split, and so formed the inter- 

/ w ^ P \ cellular space or pore of the stoma. The 

I III I figures here annexed show the condition of 

_ 3 ======a;;^^ ^ things sufficiently for our purpose. If w'e 

vly- epidermis from a foliage-leaf, 

I ^ ^ spread it out beneath the microscope, 

peculiarly formed pairs of cells wdiich have 
^ proceeded from one mother-cell, and have 

produced the proper stoma by the splitting of 

Fig. ii8, young, and (Fig. 11 $) fully developed sto- . , . . n i i i . 

mata of the leaf of the Hyacinth, j stoma in transverse tnCir partition- Wall, ailCi tilUS SUrrOUUd it, are 
section; fair-cavity; ^ neighbouring cells of the epi- • n . t 

dermis ; p, p parenchyma of the leaf. casily rccognisea. V ery oitcn, especiallj m the 

highly organised Phanerogams, another group 
of peculiarly placed and formed epidermis ceils are found around the pair of guard- 
cells; these have arisen, before or after the development of the proper guard-cells, 
from neighbouring epidermis cells by the corresponding formation of partition-w'alls, 


H 


WATER-STOMATA, 


and further growth. Our figures show several cases of such accessory cells of 
the stomata. As a peculiarity of the guard-ceiis, it is moreover to be added, that 



Fig, 120.— Development of stomata on the leaf of Sedum purpurascens, A very 
young’; B nearly mature; epidermis cells. The numbers denote the order of 
succession of the divisions. 


they always contain chlorophyll-grains in somewhat large quantity, even when the 
rest of the epidermis is devoid of them. 

There is no doubt that the stomata are originally destined for the exchange 
of gases of the assimilating organs, and for the regulated discharge of aqueous 



Fig. 12 r.— Development of stomata of Pkrisflabellaia (a Fern). A very young ; 
B almost mature ; t cells of the epidermis ; » preparatory divisions ; s (in A) mother 
cell, which forms the two guard-cells (jtj) in JS, 


vapour. Nevertheless, these organs, as occurs so often elsewhere, may also be 
made serviceable for totally different purposes; and thus we find in many cases, 
especially in the highly organised Phanerogams, that stoiriata, but little modified 
in other respects, are employed for the purpose of conducting to the surface water 
excreted from the internal tissues. Such stomata, which are generally situated on 
the margins of the foliage leaves or on the teeth of the leaf- margin, or more 
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rarely at definite points on the surface of the leaf, are distinguished from the ordinary 
air-stomata as water-stomata: beneath them are the .terminations of fibro-vascular 
bundles which convey the water. Later on, when the movements of water in the 
plant is being treated of, we shall return to these modified stomata. If, proceeding 
from the vascular plants down towards the more simply organised groups, we trace the 
formation of epidermis, we often find, especially in the Muscinecs^ that where it is a matter 
not of simple tissue-layers but of solid masses of tissue containing chlorophyll, a com- 
pletely typical epidermis, even with stomata, is present In the true Mosses, the spore- 
forming capsule, also histolbgically complex in other respects, possesses stomata in 




Fig, 133.— Transverse section of the horizontal flat shoot of Mcirchantia 
polyntdrJ>h<t. A middle portion, with leafy appendages (^} and roots {//) on the 
lower surface (x 30); B part of margin of the shoot, more highly magnified ; 
/colourless parenchyma witla reticulate thickenings; a epidermis of the upper 
surface; £v%/ chlorophyll cefls; sp stomata; s partitions between the broad 
intercellular spaces ; u louver epidermis, with dark«coIoured cell-walls. 


Fig. X22,--Funaria Jty^yomeirzca.. Portion of a longitudinal section of the immature capsule; e epidermis; / parenchyma; 
<j; thickened walls which develope later the inner and outer peristome. " 

a highly organised epidermis; and among the flat-shooted Liverworts, the shoot, com- 
posed of several layers of cells, exhibits on the surface conspicuously large stomata, 
deviating from the typical structure, and also differing in their development In ail 
Algae and Fungi, on the other hand, these organs are completely wanting ; and in 
laost eases, the superficial tissue of these plants cannot well be termed epidermis, in 
the narrower sense of the word,’ although wherever the tissue of a plant consists of 
Several layers, the outer layer, formed of one or more strata of cells, is so organised 
that it sharply shuts off the internal tissue from the external world. The cells of 
the outer layer especially fit together without- inter-spaces, and are, like the 
epidermis cells of the higher plants, generally somewhat smaller than those of the 
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consists only of septate filaments, or even, only of isolated cells, as in many Algse, 
we ' still find at the surface, at least cuticularised outer layers of the celi-wall, or 
even an actual cuticle ; and this is not wanting even on the isolated cells of vascular 
plants, e.g. spores, and pollen-grains, — and indeed is often strongly developed -on them. 

To the characteristic peculiarities of the epidermis, especially of vascular plants, 
belong the structures known as hairs. In the narrower sense of the word, hairs 
are outgrowths of individual epidermis-cells, which however, by means of their 
growth and physiological adaptations, may assume the most various forms. According 
to circumstances, these outgrowths of the epidermis cell are wart-like projections, 
vesicles, elongated tubes, shield-like outspread scales, prickly outgrowths, or soft 



Fig. 125.— Development of the hairs on the calyx of a flower-bud of AUkaa. rosea ( x 300) ; (in A) 
woolly hairs on the inner surface ; b and c glandular hairs in various stages of development ; a (to the right) 
rudiment of a glandular hair; ep everywhere, the (still young) epidermis. The figures a in A, ^ (to the 
left) and y (to the right, lower figure) first stages of development of the stellate (or rather tufted) hairs, of 
which later stages may be compared in Fig. 126. In A, a. shows the hair in longitudinal section ; )S and y 
seen from above. The cells are rich in protoplasm ; In y the development of vacuoles [v) is beginning. 

woolly coverings, and so forth. Moreover, these outgrowths may remain simple 
tubes, or, as they grow further, become transformed by means of more or less 
numerous transverse and longitudinal divisions into multicellular organs. Among the 
vascular plants, there are only few, as the aerial shoots of Equisetums, Conifers, and 
Duckweeds {Lemnacece), where the formation of hairs generally is wanting. Usually, 
indeed, one and the same plant is furnished with various kinds of hairs, often so 
densely that hardly anything else is to be seen on the surface of the organ. 

There is scarcely any other organ in the vegetable kingdom where the two 
dififerent principles — on the one hand the mere formative force of organic substance, 
and on the other band the adaptation to definite life-purposes — come so clearly into 



THE USES OF HAIRS. 

view as in the hairs. For on the one hand we find them peculiar and constant 
in form in nearly whole families— e.g. the large bristle hairs of the ^oragineo'., 
the stellate hairs of the Crudferce., the tufted ha.irs of the Malvaaie sLnd so 
forth— without our being able to assign any use for them to the plant concerned. 
On the other hand, we find a great variety of forms of hairs, the biological 
significance of w’hich can scarcely be doubtful, and the presence of which varies 
within closely allied gi'oups. Among the simplest, and yet most important forms 
of hairs, are the root-hairs, already mentioned; these are mere protuberances 



Fig. iz6.~~A stellate hair on the calyx of a young flower-bud of Althcsa rosea: thicker projections 
of protoplasm lie on the wall of each cell, and are in ‘streaming’ motion {indicated by the arrows); 

B epidermis {ep) with the basal portion of a fully developed stellate hair, showing the structure of 
the wall (X SSo). 

of the superficial cells of the roots which grow out into long tubes, and which, as has 
been already shown, play such a very important part (in the land-plants especially) in 
the taking up of water and mineral nutritive matters. Much more various are the 
physiological uses of hairs on the aerial shoots, on leaves as well as shoot-axes. 
There we find in the first place hairs of the simplest structure, as long, twisted, 
thin-walled vesicles very soon losing , their fluid contents, — the woolly hairs, which 
form woolly coverings on the young parts of shoots before their complete develops 
ment, and are thus to be looked upon; as nieans of protection for the parts of the 
bud against injurious external influences ; such hairy coverings are . found, for ex- 
ample, on the unfolding buds of the Horse-chestnut, Alpine-rose, various Araiias, etc. 
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These become loosened from the epidermis on the complete unfolding of the bud-parts, 
so that later on no trace remains of their former existence. In other cases, on the 
contrary, these woolly hairs, which contain air and which are occasionally branched, 
multicellular,, etc., and devoid of sap, remain even on the completely formed parts of 
the shoot: the latter then appear in the fuller developed condition covered as with a 
white glistening wool— e. g. the- leaves of the Mullein ( Verbascuni)^ of Siackys germamca^ 
and so forth. A very comi^on form of hairs is the glandular hair; these are 
generally formed of a short or long stalk, with a, little head situated upon it. Ethereal 
oils, resin, gum, strong-smelling matters, &c. are secreted in the latter, w^hich we there- 
fore relegate to the category of organs of secretion, to be considered more closely later. 
To this category of organs belong also the so-called Colleiers, These are usually 
multicellular, very variously formed hairs on the young bud-parts of widely different 
plants (e.g. Rumex^ Ribes, Alnus, Synnga)^ out of which, on contact with w^ater, a bal- 




FiG. jsj.—Chenopadt'nm /—/F’ development of the flower (longritudinal 

sections); / the calyx, beset with glandular hairs ; panthers; -6, carpel; ovule; 

X apex of floral axis. ^ transverse section of an anther showing four pollen sacs and the 
connective (on) highly magnified. .. 

samic mixture of gums and resins exudes, which clothes the surfaces of the unfolding 
bud-parts, and subsequently disappears. Commonly intermingled with such secreting 
hairs in very many Phanerogams are stinging hairs, of the most various form : long, 
conically projecting, pointed out-growths, the wall of which is usually strongly silicified, 
and among which the stinging hairs of the nettle-like plants {Uriicaceci)^ the Loasacem 
and others, are especially to be mentioned. The tissue of the shoot-axes and leaves 
usually forms cushion-like outgrowths at the base of such hairs, as is also the case wdth 
the climbing hairs of twining stems (e.g. of the Hop); these develope, from a short 
base sunk into the epidermis, on one, or two, or more sides, hook-shaped or needle- 
like, thick-walled, very hard outgrowths, which apparently contribute to increase the 
friction of the climbing stems on their supports. In many insectivorous plants, 
the glandular hairs secrete peptonising digestive juices, and by this means indeed 
contribute to the nourishing of the {Pingmcula^ Drosera), On the other 
hand, again, the peltate or scale-like hairs (as in Eiceagnus) springing from a narrow 
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base ill the form of a radially constructed shield, closely appressed to the surface of the 
leaf, as -well as the stellate or tufted hairs proceeding from a single epidermis ceil — 
e. g. the Rose-mallow {AUhcEci ) — are organs of quite unknown function. On the 
seeds and small fruits of very many Phanerogams are found hairs containing air, 
which appear in part as soft, twisted, wwlly hairs (e.g, on the seeds of Cotton), or 
as stiff bristles (seeds of Asclepias Syriacd), They serve, as organs of flight, for the 
distribution of the seeds and small fruits ; and they are especially well developed as the 
so-called Pappus of many Composiice and VakriajiecB. Proceeding from the stinging 
hairs, we find, further, a series of stronger outgrowths 
of the epidermis, consisting of hard, iignified tissue, 
and, under the name of prickles, clothing the shoot-axes 
and occasionally the leaf-ribs of many phanerogamous 
plants. Some of these, which serve either for protection 
against the attacks of larger animals or as climbing 
organs, are, like the hairs, mere outgrowths of the 
epidermis — e.g. the prickles of the Bramble; more 
frequently, however, the deeper tissue also takes 
part with the epidermis in the formation of prickles, 
and even vascular bundles may terminate in them. 

Finally may be mentioned the fiat, outspread, often 
relatively large hairs of many Ferns, empty of sap in 
the complete state, which clothe the leaf-stalk and 
occasionally the leaf-ribs of these plants with a dense 
‘ ramentaceous ' covering. 

The hair-like structures certainly owe their existence 
and great variety to the circumstance that they are 
able to grow forth unhindered from the free surface 
of the plant, Hence cells and tissue-bodies which 
possess exactly the aspect of ordinary hairs are found 
generally in such places where free space for their 
formation exists; thus, single cells are developed in 
the form of hairs in internal tissues which are 
traversed by large, roomy, intercellular spaces. To 
the most conspicuous of such objects belong the 
stellate hairs in the leaf-stalks of the NymphceacecB^ 
traversed by large intercellular spaces; and those in 
many tropical Arozdece., the tissue of which indeed 
obtains, by means of such internal hair-like , structures, ttTtterH^ 
a tenacious stringy texture. According to the principle 

stated (which regards the epidermis as the place of origin of the hairs less than 
the space free for the development of long outgrowths), hairs, often of consider- 
able length, occur even on those very simple Algae and Fungi where a true 
epidermis, or even indeed a distinct superficial layer, cannot be said to exist: 
the hairs are in such cases simple outgrowths of the free surfaces of flat single- 
layered masses of tissue, as in the Alga Coleochcete scutaia^ or they are formed 
at the apex of a filament consisting of Cells. 


.p’ ' 



Fig. 128.— Part of a longitudinal section 
of the leaf-stalk of Monsiera delicicsa (an 
Aroid). .p parenchyma j j, a scleren* 
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From the exceeciingiy various structure and biological significance of the hairs 
indicated above, it is self-evident that they present the greatest possible differences 
even in their material constitution. It is therefore hardly possible to say anything 
general concerning them, except that they are all, in their young states, simple cells, 
or portions of cells, or aggregates of cells, and that their membrane consists originally 
of cellulose, and their contents of protoplasm and cell-sap. With the further functional 
development the most various alterations may take place : the protoplasm and cell- 
sap may either completely disappear, and the hairs thus represent empty vesicles, as 
in cotton, and many other woolly hairs; or, on the other hand, the cell-contents 
are not only preserved, but the protoplasm is even very strongly nourished, and 
is then distinguished by circulatory movements and other vital peculiarities, as in 
the stinging hairs of the Nettle, the stellate hairs of Alihcea^ the jointed hairs on the 
stamens of Tradescantia^ and in many other cases. According to circumstances, and 
corresponding to its biological importance, the cell-wall remains thin and pliant, 
or it becomes thickened, silicified, or stony — a process which may be extended to 
the tissue at the base of the hair (especially well seen, for instance, in the Gourd plant); 
or in contrast to this, certain layers of the cell-wall of the hair become mucilaginous, 
and swell up in contact with water, or a balsamic substance (ethereal oil, resin, etc.) 
is deposited between its fine cuticle and the inner layer of the cell-wall; or, finally, 
the capitula of the hairs become covered with waxy threads, as on the underside 
of the leaves of the Fern, Gymfiogramvie calomelanos^ and others. 

In contrast to the numerous forms of hairs which can be distinguished as organs 
with definite functions, the frequent occurrence of hairs of which a biological 
significance is neither perceptible nor probable is of special interest We find, 
for example, in some water-plants an uncommonly thick covering of hairs, especially 
on the young parts of the shoot, e.g. in the Water-lily {Ntiphar ) ; while in other \vater- 
plants again, with a very similar mode of life, this hairiness is wanting. 

The second of the above systems of tissue are the Vascular bundles, or Fibro- 
vascular strands. I have already pointed out that the simplest rudimentary forms of 
these are observable already in some Algse consisting of masses of tissue, as well as in 
the more strongly developed shoots of Mosses, where they are constituted in general 
as filiform bundles of thin-walled cells, distinguished from the rest of the tissue 
by their length. The typical form of vascular bundle, however, is so essential a 
characteristic of the higher Cryptogams and Phanerogams, that these two subdivisions 
have been placed from of old, under the name of vascular plants, in contrast to the 
Muschiece and Thallophytes as the so-called cellular plants. The typical vascular 
bundles run in the form of thin filaments, often of considerable length, through the 
soft fundamental tissue of the roots, shoot-axes, and leaves. In the roots, as 
already mentioned, there always runs but one strand, which lies in the axis, and 
with which the strands of the lateral roots are joined. It is however question- 
able whether these root-strands are not rather to be regarded as composed of two, 
three, four, or more proper vascular bundles. 

Much more various are the relations in the shoot-axes. Only in some water- 
plants does a single strand of vascular bundles traverse the interfoliar part up to the 
growing-point; and with reference to its morphological nature the same probably 
holds good of it as of the axial root-strands. The vascular bundles of the leaves are 
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connected with this so-called cauline strand. Usually, however, a larger number of 
six, eight, ten, or even of hundreds of single thin vascular bundles run in a shoot- 
axis ; and each single vascular bundle generally belongs in its lower course to the 
shoot-axis, but curves outwards into a leaf with its upper limb, in such a manner 



FIG. x2$i.r~Clemnits 'viticella (after Nageli). Apex of 
a shoot rendered transparent in order to show the course 
of the vascular bundles, the upper ends of which curve out- 
wards into the leaves. The youngest leaves (A-S) possess 
as yet no vascular bundles. 



Fig. J30,— Diagram showing the course of the vascular 
bundles in a Monocotyledon of the Palm type (after Fal- 
kenberg). b bases of the leaves ; <v growing points of 
the shoot. 


that each leaf takes up into itself one, two, three, or many such terminations of 
the vascular bunciles of the shoot-axis. In the interior of the latter, however, 
the single bundles are joined togethier so , that the lower end of each becomes 
fitted somewhere on the course of an, older strand curving into a leaf situated 
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lower down. As for the rest, great variety prevails in the other relations 
of the strands in the shoot-axes as well as in the leaf-stalks; and - the , cross 
connections of the strands at those parts of the shoot-axes which,, as . so-called 
nodes, represent swollen places close to the leaf-insertions, or occur as diaphragms 
at the corresponding places inside hollow stems (particularly evident in the 
Grasses), are especially to be alluded to. Besides these common (to the axes 
and leaves) bundles, however, cauline bundles may also be found, the upper ends 
of which, growing further in the growing-point of the shoot-axis, do not curve 
out into leaves. In the leaf itself, especially in the lamina of green' foliage 
leaves, the vascular bundles run in the leaf-ribs described previously, where 
they are surrounded by a special parenchymatous envelope. Their generally very 



Saltx Convallaria latifoiia. 
Fig. 131,— -Coiirse of the %'ascttlar bundles (venation) in leaves. 


fine terminations however lose themselves, without projecting exteriorly, in the 
green leaf parenchyma itself, and there form the fine network of veins by wKich 
the broad dicotyledonous leaves especially are distinguished; or they branch 
there in a dichotomous manner, as in many Ferns, or extend in open curves, or 
almost straight lines in the leaves of the Monocotyledons, — relations which we have 
considered previously from another point of view, and shall yet treat of later on. 

The vascular bundles are generally very thin. In succulent shoot-axes, thinner 
rootSj and in the venation of the. leaves, they are often scarcely so thick as a human 
or horse- hair ; but occasionally they attain" the thickness of a common thread, 
or thicker. * Only in the stems of the Tree-fernsy where they are broad and 
band-like, and form a coarse net-work, do they reach more considerable dimensions 
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in transverse section. In general, they are just to be distinctly perceived with the 
unaided oye on transverse and longitudinal sections of the organs, especially by 
transmitted light. When they contain strongly lignitied elements, which of course 



Fig. 132 . — Sambucus Ebiilus: the leaf-traces in two intemodes. They 
are ai-ranged in a cylinder, which is here flattened out in one plane. Each 
intei-node bears two opposite leaves, and each leaf receives from the stem 
a median bundle (A), and two strong lateral bundles The descending 

bundles split below, and the limbs so formed are inserted into the spaces 
between the lower bundles. In addition to these, finer bundles s'’) 
exist, which arc connected by horizontal branches from which bundles (;/«} 
ascend into the stipules. (After Hanstein.) 


E network of 

vascular bimdles {..7) in the stem, i'a single mesh, 
with the basal portions of finer bundles which pass 
into the leaves. 


only occurs in land-plants, and when, in consequence of this, they are tough and 
hard, they may often be drawn out from the tissues to considerable distances, in the 
form of extensible elastic threads (leaf-stalks of Flan/ago major ^ Primula sinensis ) ; or 
they may be laid bare in 
large pieces by scraping off 
the soft fundamental tissue, 
as in numerous Ferns, e.g. 
the stem of the Bracken, 

Pier is aqiiilina^ and in our 
common male fern (Aspi- 
diuni filix ??ias). After 
taking away all the leaf- 
stalks, it is possible by 
means of careful pressure, 
and bruising and washing, to 
obtain even the whole vas- 
cular bundle system of the 
stem, as a hollow cylindrical 

net- work. Particularly fine EiG^i'^—PterisaquiUna:. transverse section of the subterranean stem (natural 

, , , size) : r hard, brown sub-epJdermal tissue ; ^ soft, slimy parenchyma, rich in starch ; 

objects, very instructive for /r dark walledsclerenchyma forming two broad bands traversing the stem,* agfibra- 
, , vascular bundles which run externally to these bands of sderenchyma; ig bundles 

physiological purposes, are running mtemally to the same bands— j 5 the fibro-vascular bundle ag (in A) isolated by 
, 71 I scraping off the parenchyma; it divides and branches. The dotted lines (m) show the 

obtained as so-called vas- outline of the stem (Ji;) and its branches {si' and si") and a leaf-stalk (b). 

cular bundle skeletons, when 

suitable organs (parts of stems, foliage-leaves, fruits, &c.) are exposed to slow 
rotting under water, by which all the softer tissue is destroyed. Fine vascular 
bundle skeletons are often produced spontaneously in the open by frequent 
[3] , , K . 
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freezing and thawing, and washing out in the rain. Of course such skeletons 
can only be obtained if the vascular bundles are iignified, or surrounded with 
lignified sheaths; since these, however, are found in the most various subdivisions 
of vascular plants, it is easy to make a collection of vascular bundle skeletons, 
certainly among the most instructive objects that can be preserved in a botanical 
museum. The careful and repeated study of successful vascular bundle skele- 
tons of the most various leaves and shoot-axes, as (Enanthe phellandrium^ Zea 
Mais, or old withered stems of Palms and Draccenas, as well as the fruits of the 
Thorn-apple (Datura Stra7nonium\ old Banana fruits, and the like, is a most 
attractive occupation, provided that the observer is to , a certain extent familiar with 
the physiological significance and origin of these structures. Only to one possessing 

a sufficient knowledge of these mi- 
ili|jfi|lB croscopic relations can the micro- 
IH scopic structure of the vascular 

■ bundles be intelligible ; and in order 

arrive at clear conceptions con- 
llmmlw cerning the conduction of materials 

which devolves upon the vascular 
bundles, and their co-operation in 
ensuring the solidity of the plant, the 
study of vascular bundle skeletons is 
indispensable. Their signifiGance in, 
j|B |i I jll pBl fi , teaching is even in our time :much:^' 

J^W||||b toO' little -appreciated. . 

easy, in the short 

space at our disposal, to give a clear * 

Wmlm I insight into the microscopical struc- 

I 1 1 I iI m vascular bundles: this, as ■ 

ill IIbIB hardly be mentioned, undergoes 

»Pi|| |l| || liiliiilllllllB great variations in the different sub-, 

. divisions of plants. Only the most : 
necessary points will be mentioned 

Fig, 135.— (a Fern). Portion of a stem with the i . • y , f r r'rif'AT 

bases of four leaves, after the removal of the cortex, and showing the neiC, SinCe i mUSt repeatCuiy reitr 
course of the vascular bundles. The dark bodies are roots. (After De • ...4 ..,1 

Bary.) ' lu detail to morc special matters 

subsequently, when we are concerned 
with physiological functions. In the fii’st place, it is to be observed that a bundle 
by no means maintains the same structure through its entire course ; the lower 
and upper ends are generally thinner than the middle parts, and therefore more 
simple in structure. As the thickness — ^i.e. the surface of the transverse section — 
grows, not only the number but also the variety of cell-forms increases. Thicker 
bundles may exhibit hundreds of cells on the transverse section, while the thinnest 
(e. g. in the venation of the leaves) consist of a few cells only: 

It may also be pointed out that the microscopic picture of the vascular bundle 
in transverse section is generally extremely characteristic, and easily impresses itself 
on the imagination ; whereas, in consequence of the great length, frequent thinning 
out, and oblique course of the individual elements, the picture of the longitudinal 



I /^BO-RATOmF^ 

THE FIBRO^VASCULAR BUNDLES. 13X 

section of the vascular bundle often presents a confusing chaos of lines (contours of 
the ceii-walls). In order to obtain a clear insight into the microscopic structure of 
the bundles, it is necessary carefully to compare transverse and longitudinal sections; 
since the characteristic forms of the cells are generally visible only in the lateral 
view (and therefore in the longitudinal section), while the arrangement and grouping 
of the elements are more evident in the transverse section. In addition, however, 
it happens that it is just in the study of the vascular bundles that the relations 
of symmetry prevailing in the anatomical structure of the plant, which we shall 
bring under general consideration later on, are particularly conspicuous ; so that a 
longitudinal section through a bundle, carried in the radial direction from the 
outside inwards, affords a view quite different from that obtained when the knife 
meets the bundles parallel to the surface of the organ, or in any other direction. As 



Fig. 136. — Transverse section of a feebly developed vascular bundle from the rhizome of Polypodtum vulgare 
(a Fern), f phloem ; sp narrow spiral tracheides— the wider lumina belong to the broad scalariform tracheides. 
u endodermis. (After De Bary.) 

a guide to the structure of a vascular bundle, always somewhat complicated, the dis- 
tinction (first given by De Bary^) of the total mass of its cells into two subdivisions, 
the Bast-portion {Phloem of Nageli) and the Wood-portion (Xyle7n of Nageli), is 
especially serviceable. Both groups consist in general of elongated, often very 
long, vesicular or tubular cells, narrow, or very narrow in transverse section; so 
that on a transverse section through an organ the vascular bundles usually come 
into view at once as groups of cells with peculiarly narrow lumina, situated in the 
large-celled parenchyma of the fundamental tissue. Individual elements, especially 

^ De Bary, Lc. p. 330. I here bring forward De Bary’s subdivision of the tissue of the vascular 
bundles into Gefasstheil and SiebtheU~-ih<^ \^Avs^x subdivision into Wood and Bast {Xylem and 
Phloem) f — because by Schwendener’s misusage df the word ^Bastf by which he distinguishes all 
possible sclerenchymatous tissues not belonging to ' the vascular bundles, a confusion j)emicious 
to the beginner has been introduced into the good old nomenclature. 
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certain forms of vessels, may occasionally be very large, however, in transverse 
section. The phloem and xylem likewise agree in that, apart from rare excep- 
tions and later transformations, they possess no intercellular spaces of any kind: 
the cells of a bundle all fit together closely on every side ; and in this they differ 
conspicuously from the parenchyma of the fundamental tissue, which is interrupted 
by intercellular spaces. 

The xylem, as well as the phloe'm, consists of various forms of cells ; and we may 
say, for the purposes of a rapid survey, that in each of these two groups, vascular, 



Fig. 137. — Transverse section of a closed fibro-vascular bundle of the stem of Zm Mays (x SSo)- It consists of 
xylem S, r, i) and phloem [v, 7/). The surrounding thick*walled tissue is the bundle sheath, belonging to the 
fundamental tissue. / thin-walled parenchyma of the fundamental tissue; a outer side; t inner side (facingthe 
axis of the stem); ^tvvo large pitted vessels; s spiral vessel; >• isolated ring of an annular vessel ; / air cavity 
produced by rupture during growth. 

fibrous, and parenchymatous elements occur. The homologous, and especially the 
vascular, elements of the one group, however, are different from those of the other 
group. In the more highly developed fibro-vascular bundles of terrestrial plants, the 
cell-walls in the xylem are either totally, or at any rate to a great extent, lignified ; 
especially the walls of the vessels and woody-fibres. When the lignification in the 
xylem is reduced to a minimum, as occurs in very succulent tubers, tuberous roots, 
and aquatic plants, the lignification is not unfrequently confined to the walls of the 
vessels. In the phloem, either no lignification of the cell-walls occurs at all, or it 



GENERAL CHARACTERS OE XYLEM ANE PELOENL 




follows only late in the thick-walled fibres — the proper bast-cells: these, however, 
often also remain entirely unlignified. The pliability of true bast, e. g. of Flax- and 
Hemp-fibres, simply depends upon their being not lignified at all, or only to a very 
slight extent. The other elements of the phloem are remarkable for their soft, pure 
cellulose \valls. Difficult though it is, however, to separate phloem and xylem 
sharply from one another by words, the difference of their aspect under the 
microscope is nevertheless usually conspicuous. It is especially characteristic for 



Fig. 138. — Part of a transverse section of the completely extended hypocotyledonous portion of the stem of 
Ricimts communis, r parenchyma of the primary cortex, and m pith, both belonging to the fundamental tissue. 

Between r and b is the simple vascular-bundle sheath (containing starch] , which also belongs to the fundamental 
tissue. The bundle consists of phloem {p, y), xylem (,5-, i), and cambium (c. c), and is therefore an open bundle* The 
cambium (c, c) extends into the fundamental tissue situated between the bundles, as interfascicular cambium (c, b), 
which arises by subsequent division of the large parenchyma cells, b, b bast fibres ; jr, y soft bast (partly paren- 
chyma, partly sieve-tubes) ; t, t narrow, and wide, dotted vessels, with wood prosenchyma between. 

the xylem, that at least some air-conducting vessels are present; while the 
vascular elements of the phloem, the sieve-tubes, are filled with slime containing 
albuminous matters, or clear sap, and never contain air. So far as we have 
yet succeeded in obtaining an insight into the physiological significance of the 
vascular bundles, the xylem appears to be the tissue which provides chiefly for the 
conveyance of the water taken up . by the roots, and the mineral nutritive matters 
contained in it, to the organs of assimilation: however the true function of the 
cavities of the vessels, which, ..as. we* shall see later, contain very rarified-air, and 
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are only filled with water in special cases, still remains doubtful. On the other 
hand, we may regard the phloto, in the main, as the form of tissue in which 
albuminous substances containing nitrogen are produced, and by which they are 
distributed for long distances in the organs : the elements of the phlo&ii may also 
serve for the transport of products of assimilation. The vascular bundles of simpler 
Structure, especially in water-plants, are probably confined to these functions; while 
in cases where, with the increase of the assimilating foliage, a more rapid bringing 
of water and carrying away of products of assimilation are necessary, greater com- 
plexities in structure occur. In land-plants especially the tendency prevails to 

produce elastic fibres within the vas- 
cular bundle itself ; that is, wood- 
cells in the xylem, and true bast- 
fibres in the phloem. In other cases 
the vascular bundle is enveloped, on 
one side or all round, with such 
elastic fibres : this contributes to the 
solidity of the organs, especially of 
the shoot-axes and leaves, and as 
I hope to show later, the conduction 
of water is facilitated at the same 
time. 

The arrangement of the xylem 
and phloem in a vascular bundle 
presents many noteworthy differences, 
according to the organ and the class 
of plant : it is not possible however, 
apart from details, to establish a re- 
lation between them and definite 
physiological principles. It may 
therefore suffice, with the help of the 
accompanying figures, simply to point 

Fig. 139.— Portion, of the transverse section of a large vascular bundle OUt hcrC E fcW of thc mOSt important 
from the stem of with some of the surrounding paren- j./v, . .t • a* ^ 

chyma (/>): the latter is filled (in winter) with starch, s spiral vessel in UlltCrenCeS IH tniS COnneCtlOn. JL XIUS, 
one focus of the elliptical transverse section ; this is surrounded by thin- x: J • 4.1.^ 

walled wood-cells, containing starch, jg, g- scalariform vessels and s/ WO tinCl IH the X* CmS, ES Jcig. 139 

sieve tubes. Between these and the xylem is a layer of cells bearing , at. t i J tt 

starch in winter. * bast cells with thick soft walls; jg vascular bundle ShOWS, thC Xylem envelOpeQ all 

sheath. Between and i is a layer of cells containing starchu 1 , . . t t 

round by a more or less thick layer 
of phloem. In the Monocotyledons, 
on the other hand, and particularly in the Grasses, the latter forms a strand, which 
is accompanied on its inner side (i. e. the side turned towards the axis of growth of 
the organ) by the xylem, which also envelopes it more or less laterally (Fig 137). 
Fig. 138 gives an approximate representation of the ordinary structure of the vas- 
cular bundle of the Dicotyledons. With respect to details I may refer to the 
explanations of the figures, with the remark that in the monocotyledonous bundles 
(Fig. 137) the thick-walled cells, forming a sheath surrounding the whole proper 
vascular bundle, do not belong to the bundle itself, but represent one of the 
frequently occurring arrangements to, ensure solidity appertaining to the fundamental 
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tissue, to which I shall come back later. It would carry us here much too far to 
enter more in detail into the relations indicated: moreover this would be superfluous, 
since their physiological significance, as already explained, are either not known, or, 
where it is possible, will be brought forward subsequently as opportunity serves. 

Strikingly different from the vascular bundles of the shoot-axes and leaves are 
the fibro-vascular strands of all true roots; and they are usually so characteristic 
that it is recognised at once on a transverse section whether a root-strand is under 
observation or not. The most striking feature is that the xylem and phloem-bundles 
are so placed in groups at the periphery of the axial cylinder, that they alternate 
with one another laterally ; the phloem-bundles being situated chiefly on the surface 
of the strands, and the xylem, radially placed, forming plates proceeding from the 
periphery towards the inside, between the phloem - bundles, as shown in the 
accompanying figures. One 
of the most striking pecu- 
liarities of the root-strand is 
that the narrowest, thinnest 
vessels lie on the outer cir- 
cumference, and are those 
first formed : further towards 
the interior of the strand, 
vessels with continually 
wider lumina become de- 
veloped. Only w’'hen the 
root-strand possesses amore 
considerable thickness, is 
its axial space occupied by 
a kind of pith — i. e. paren- 
chymatous tissue : in very 
thin root-strands this is en- 
tirely wanting, and, indeed, 
a vessel, or a group of 
vessels may run in the axis 

of the strand. Moreover, . , ,, , 

with surroundingr cortical tissue. j-Eiiclodennis; narrow, peripheral (oldest) ves- 

between the vascular plates selsj^r wide, inner (younger) vessels phloem. 

and phloem -bundles are 

formed small quantities of parenchymatous tissue, filling the interspaces to a certain 
extent; as in the bundles of the shoot, parenchymatous elements are present in 
addition to the vascular and fibrous elements. 

If we now, finally, take into consideration the cell-forms of the vascular bundles 
themselves, already mentioned, the vascular elements are most prominent in both 
parts, Those in the xylem are generally termed, shortly, vessels ; while those of the 
phloem, corresponding to them, are named sieve-tubes. 

As vessels in the wider sense, and thus comprehending both the forms men- 
tioned, are to be distinguished longitudinal rows of cells, the cavities of which 
communicate directly with one another by the transverse septa being either com- 
pletely absorbed, or perforated by pores. 
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The vessels (wood-vessels) appear in relatively thick, vigorous bundles in various 
forms, as annular vessels, as spiral vessels with one or more spiral bands, or as 



FIG. 141.-~Transvcr.se section of a prinrary root of a seedling of P 7 iaseoJus ntiiltijlorits ; taken from the upper swollen 
portion, at the time when the first leaves and lateral roots are already developed, b bast and phloem ; j endodermis— vascular 
bundle sheath ; pc pericambiuni inside the endodermis ; p primary and s secondary vessels ; pith ; c cambium, , 



Fig. 142.— I-ongitudinal section of the vascular bundle of Ridnns (cf. transverse section in Fig. 138). r cortical paren- 
chyma ; gs vascular bundle sheath ; m parenchyma of the pith ; b bast fibres ; p phlolhn parenchyma ; c cambium. The 
cells between c and p eventually form a sieve-tube. In the the elements are gradually developed from j to t'. 

s primary, narrow, and very long spiral vessel ; s' wide spiral vessel— both with tmrollable spirals ; / scalarifurm—in part 
reticular— vessel ; h and h' wood-cells; -Spitted vessel, with a resorbed septum at g\ h"' wood-cells ; f young pitted 
vessel— the borders of the pits develope first, and then the pore arises inside. At 7 , t't the boundary lines of the adjoining 
cells— now removed— are observed on the walls of the vessels. 

reticulately thickened vessels, and finally as so-called dotted vessels or vessels provided 
with bordered pits. In the development of a vascular bundle from the embryonal 
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tissue of the youngest organs, these vessels are gradually constructed in the order 
here mentioned, and in generfii their breadth increases in the same sequence : while 
the length of the individual segments, or cells, of which the vessels are composed, 
decreases at the same time and in the same order. Hence the first formed, narrow, 
annular and spiral vessels, which have to take part in the whole growth in length of 
the organ, are in the completed state very long tubes; whereas in the last formed, 
pitted vessels, the individual segments, especially when they only attain completion 
after the termination of the growth in length of the organs, appear short and barrel- 
shaped. These also may occasionally however, as in roots, form very long tubes. 

The nature of the sculpture on the walls of the vessels has already been 
explained (in lecture VI). Here is still to be added, that the vessels with 
bordered pits owe their striking aspect on the surface view to the circumstance 
that the pits are here not only very closely crowded, and are thus separated 
fundamentally only by thickening ridges; 
but the thickening iddges become arched, 
growing forth from the primary thin cell- 
wall into the interior of the cell, laterally 
and on all sides over the spaces between 
the meshes, so that each pit is connected 
with the inner cavity of the cell only by 
means of a very narrow pore or slit. VVe 
may also say, a bordered pit is a short 
canal, leading out from the interior of the 
cell, and suddenly becoming widened at the 
primary cell-wall. In the surface view of 

a bOl CieieCl pit, tiiereiore, a lounuisn poie tue areoltel^’), and only leave the slit{i') exposed, 
or slit is perceived in the middle, wdiich is 

surrounded by a circular or polygonal border, corresponding to the outer cir- 
cumference of the pit. In the Ferns (as Fig. 144 shows), where the segments of 
the pitted vessels are situated upon one another with very oblique septa, the bordered 
pits are so extended in breadth, that the thickening ridges between them often 
appear like the rounds of a ladder; hence the old name, ladder-like (scalariform) 
vessels. In addition to these proper vessels, there are found in the xylem of 
thicker strands other more fibrous elements, with the upper and lower ends 
obliquely cut off, or drawn out to long points, the finer structure of the walls and 
pits of which is similar to that of the true vessels. These, therefore, have been 
termed trachei'des, in contradistinction to the true vessels, which are named 
tracheae. All these tracheal elements lose their protoplasm, together with the 
cell nucleus, completely, as soon as their wall-structure is fully developed ; so that 
later not the smallest remnants of them are to be perceived. Even the cell-sap 
disappears completely, and the vascular tubes only contain air; and indeed it is not 
improbable that they occasionally become even empty of air. 

The resemblance of the vascular constituents of the phloem, the sieve-tubes, 
to the tracheal elements of the xylem is very sfight. The latter, with their ligni- 
fied cell- walls devoid of contents, are conspicuous on account of the sculpture of 
their wall; while the sieve-tubes, on the cdntraiy are provided with soft, supple, 
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mostly thin walls, and, at least in the younger organs, are -filled with slimy proteid 
matter. The transverse septa, which lie closer to one another the older the part of 
the plant had already become before the formation of the sieve-tubes, are also 
of a soft, or even gelatinous consistence; and they are never entirely, or to any 
great extent absorbed; but by absorption taking place at isolated spots, they 
become transformed into a network of ridges, in the meshes of which lie the canals 



Fig. 144. A third portion of a vessel from the rhizome otPierzs aquilina. The oblique scalarifonn end (y) 
and a portion of the lateral waJI in surface view; the areas not pitted correspond to the ang-Ies of neig-hbouring: 
vessels. P is the part x (in A) more highly magnified { x 37S).’ C and D very thin longitudinal sections perpendicular 
to the lateral wall of two neighbouring vessels ; showing the thin primary wall, on which are situated the sections of 
the thick projections between the pits. (After De Baiy.) 

by means of which the segments of a sieve-tube, situated one over the other, com- 
municate, and through which the slimy contents can be pressed. Where sieve-tubes 
border immediately on one another laterally, so-called sieve-plates may also be 
formed on their side-walls, the structure of which resembles that of the sieve-like 
transverse septa. 

Amongst the tracheal structures of the xylem, and still jnore betw^een the 
sieve-tubes, is found more or less abundant, parenchymatous, mostly thin-walled 
tissue: this consists of more or less elongated, soft cells, which contain fluids 
of various kinds, and frequently starch. 
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Finally, as to the- elastic fibres of the vascular bundle already mentioned. 
These occur in the phloem as true bast-fibres, in the xyleiii as wood-fibres : 
the latter have been distinguished from the fibre-like tracheides more particularly 
as the libriform fibres of the wood. At another opportunity we shall see how, 
in cases where subsequent growth in thickness of the shoot-axes occurs (i. e. in 
the proper development of wwd) the libriform fibres contribute to the for- 
mation of the true wood; and, so far as the true bast-fibres are concerned^, it 



FIG. i45.<— Transverse section of the pWoeni 
of a fibro-vascular bundle in the stem of Cucur* 
hita Pepo (X S5o). si septa of young sieve-tubes 
showing areolae— the pores not yet developed ; 
p, p phloem parenchyma ; r, c cambium. There 
are no bast fibres here, the whole phloem con- 
sisting of soft bast. 



Fig. i4d— Longitudinal section of the phloem of CU' 
curhita Pepa; showing three sieve-tubes, the transverse 
septa ($’, g-) of which are not yet perforated. The slimy 
mass (si and ps) contained in them is contracted, si a 
young sieve-plate on the lateral wall : pores will also be 
found later at x and 1 . z narrow parenchymatous cells 
between the sieve-tubes. 


may here be pointed out simply that they are wanting in many vascular bundles, 
and in other cases appear more isolated ; in others, again, they exist in the form 
of layers or thick strands on the outside of the phloem. 

The peculiar characteristics of the vascular bundle lie, according to my view, 
which agrees with that of De Bary, in the presence of tracheal elements in the 
xylem, and of sieve-tubes, or of tissue-elements similar to them, in the phloem. 


i It will be clear from the text and from note 2, that by ‘bast-fibres' are not to be understood 
here the Stereom dements distinguished as ‘ bast * by Schwendener. 
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By the presence of these two groups of tissue, even when each of them 
' only asserts itself by a few characteristic elements in the transverse section, 
the vascular bundles may always be distinguished from the strand-like structures, 

occurring frequently enough elsewhere, which 
run in the fundamental tissue of many shoot- 
axes and leaf-stalks in a similar manner to the 
vascular bundles ; but which are essentially dif- 
ferent from these, being merely special forms 
of fundamental-tissue. As the true nature of 
leaves and roots through the whole series of the 
vascular plants, though the structural relations 
are the most different possible, is always to 
be recognised; so also the vascular bundles 
of all vascular plants, even when they depart 
far from the typical structure, as in many 
water-plants and parasites, yet always appear 
as tissues of essentially the same nature. I 
fig. i47.-pjirts of sieve-tubes where the segments interpolate this remark, because it has recently 

unite, showing the perforation of the septa after solution * ^ 

of the cell-wall by sulphuric acid. ^ and B from the been attempted tO COnfoUnd theSC character- 
petiole of Cucarbita ; C from the stem of Dahlia. In ^ ^ ^ ^ 

the cell-wall A, A' is not yet dissolved, x slimy contents ; istic and COllStant COllStltUentS of thC UHa- 
a and « accumulation at the upper and under side of the 

septum; ^ the threads of slimy substance which connect tOmical StrUCtUre with Other Stl’and-likc ar- 
these accumulations, and pass through the pores of the 

sieve-plate. rangemcnts of tissue, which may be present 

or be wanting according to purely biological 
requirements; and this to the great injury of Phytotomy, which only loses thereby 
in clearness and scientific depth. One might just as well name any given filiform 
organ a root, or any flat structure a leaf, as place the vascular bundles on a 
level with other haphazard strand-like masses of tissue k 

^ The attempts repeatedly made of late to place the vascular bundles, as a subordinate form of 
tissue, approximately on an equal footing with mere sclerenchyma strands, only shows how little the 
younger botanists have succeeded iii comprehending the province of vegetable anatomy, cultivated 
with such great results by Mohl, Nageli, and De Bary. 






LECTURE IX. 

THE SYSTEMS OF TISSUES {continued). 

FUNDAMENTAL TISSUE; RUDIMENTARY DIFFERENTIATIONS OF 

TISSUE. 

I CLASS together all the masses of tissue which are enclosed by the epidermal 
tissue, and traversed by the vascular bundles, under the ttxm /undamenial Jmue^, 
In the younger and still succulent organs, covered only by the epidermis, 
and the vascular bundles of which have not yet been altered by subsequent 
growth in thickness, and in organs generally in which the formation of true 
wood and secondary cortex has not yet commenced, the main mass of the 
entire substance consists of funda- 
mental tissue. This is perhaps 
best seen in an Apple, the whole 
edible substance of which con- 
sists of it. The succulent mass 
of tissue in the leaf of an Aloe, 
again, apart from the very thin 
vascular bundles and the epider- 
mis, is formed entirely of funda- 
mental tissue. 

The most widely spread, and, 
as may well be assumed, the primi- 
tive and typical form of funda- 

- , » 1 1 • Zea Mays, gv) common wall between each two cells; z inter-cellula-r 

mental tissue, is the ordinary thin- space produced by splitting of the wan. 
walled parenchyma ; in which we 

may at the same time perceive the typical form of all true cell-tissue. The 
parenchyma cells are usually the largest in the body of the plant ; and are 
either roundish, polyhedral, or elongated and prismatic, or more rarely pointed 
above and below. Very commonly, although not quite generally, small, or often 
very capacious intercellular spaces run between them. The contents consist of 
living protoplasm with a nucleus; the former, usually small in quantity, forming 

^ I first characterised the fundamental tissue as a system of tissue co-ordinated with the 
epidermis and vascular bundles in the iirst edition of my ‘ Text Book ’ (1868). 



Fig. 148. — Transverse section through the soft parenchyma of the stem 
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a thill clothing to the cell-wall. The remaining space is filled with watery sap ; 
and the parenchyma cells may contain in addition the most various products of 
assimilation and metabolism. It is chiefly in these cells that such substances are 
stored temporarily, or even up to the next period of vegetation and longer, 
to be dissolved and used up later for the purposes of growth. In this form we 
find the parenchymatous tissue as a succulent envelope surrounding the axial 
strand of the young root, as pith, and primary cortex ; and to a certain extent as 
the mass surrounded by the epidermis, and filling up the parts between the vascular 
bundles, in the shoot-axes and leaf-stalks, and- in the leaves themselves, as well 
as in the coverings of the fruit. Even the endosperm of seeds and the coty- 
ledons of embryos may be classed under this head. 

However, this parenchymatous cell-tissue is by no means the only form 
in the system of the fundamental tissue; for the parenchyma itself undergoes 



Fig. 149.--A portion of the transverse section of the flower stem of Fcsnicnlutn officinait\ slightly magnified. 
i epidermis ; hi wood ; h resin passages. All the rest is fundamental tissue — m parenchyma of the pith ; r paren* 
chyma of the cortex ; ch parenchyma containing chlorophyll ; c collenchyma. 

more or less extensive differentiations, without losing its essential peculiarities, and, 
very frequently, cells and forms of tissue of the most various kind appear in it 
besides. 

A differentiation within the parenchymatous fundamental tissue is very gene- 
rally exhibited, firstly, in so far that the intercellular spaces towards the epidermis, 
as well as at the borders of the vascular bundles, disappear, and the sizes of the 
cells, and especially their diameters, diminish; and, generally, alterations in the 
thickness, substance, and pitting of the walls occur also. These changes not rarely 
proceed so far that the layers of tissue concerned entirely lose their parenchymatous 
character : they then have different names assigned to them. 

Thus, it is a very common phenomenon that beneath the epidermis of the 
shoot-axes, petioles and thicker leaf-ribs of dicotyledonous plants, the ceils of the 
fundamental tissue are developed as Colknchy?na (Fig. 150); the longitudinal 
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walls exhibit pad-like projecting thickenings deposited in the angles of the cells, 
which swell up strongly in water, and still more in dilute potash solution, and 
give to the transverse section an uncommonly characteristic appearance. In the 
leaves of Conifers, Cycads, and in many other cases, the collenchyma is replaced by 
very thick-walled, prismatic, and even fibrous 
cells, in part lignified; these, as in Figs. 149 
and 1 5 1, run close beneath the epidermis, and 
are grouped together in strands or layers. 

These, and similar so-called Hypodermal 
structures, serve to render the organs con- 
cerned elastic and solid ,* since, by means of 
their own stiffness, they increase, or, in 
the case of collenchyma, aid the elastic re- 
sistance which the epidermis opposes to the 
expansion of the succulent, turgid paren- 
chyma. 

Where the fundamental tissue bounds 
the vascular bundles, there are always formed 
layers, commonly sharply marked, which may 
be distinguished generally as vascular bundle- 
sheaths; these however, like the hypodermal 
layers, are, according to circumstances, of very 
different constitution. The commonest form 

of these vascular bundle-sheaths is usefully distinguished by De Bary as Undo- 
dermis. It is particularly well marked in the roots of all vascular plants, at the 
circumference of the axial strand, in the form of a simple layer of small cells, 
the walls of which are more or less suberized, cf. Fig, 8 s. In the shoot-axis 



Fig. 150.— -Epidermis {e\ and Collenchyma [cl) from the 
petiole of Begonia. The outer walls of the epidermis cells 
are equally thickened ; where they adjoin the collenchyma 
the thickening only occurs at the angles where three cells 
meet. These thickenings have a great capacity for swell- 
ing. c 7 tl chlorophyll grains; p parenchyma-cell. 




Fig. igi.— Transverse section of the leaf of 
Pinus Pinaster { X 30). e epidermis ; es hypo- 
dermal prosenchyma; sp stomata; h resin-pas- 
sages ; p parenchyma containing chlorophyll ; g, b 
colourless internal tissue enclosing two fibro- 
vascular bundles. 


Fig. 152,— The left-hand corner of the previous 
figure {X Soo), c cuticularised layer of the epidermal 
cells; i inner layer of the same, not cuticularised; 
r'' very strongly-thickened outer wall of the epidermis 
cell lying in the comer; g, i' hypoderm cells; g 
middle lamella; i' stratified thickening mass; p 
parenchyma containing chlorophyll ; pr conti-acted 
contents. 


also a very similar endodermis is frequently found, enveloping all the leaf-traces 
as a hollow cylinder, and therefore appearing on the transverse section as a 
continuous ring, by which the whole tissue is separated into a cortex, lying outside 
the endodermis, and an internal core of tissue (plerome), cf. Fig. 138. Such 


144 


LECTURE IX. 


plerome-sheaths are very distinct in the rhizomes of many Monocotyledons^ as 
Iris.Acorus, and so forth; and also in the sub-aerial shoot-axes of many Dicoty- 
ledons. More frequently, a layer of tissue similar to the endodermis is present in 
sub-aerial shoot-axes and leaves, either’ only on the outside, or also on the inside 
of each single vascular bundle; or each individual bundle may be entirely sur- 
rounded by such a layer of tissue, as in Fig. 153. In many other Ferns, this 
vascular bundle-sheath is distinguished by a strong thickening of the longitudinal 
walls turned towards the bundle, and often also by a dark brown colour (cf. 
Fig, 136). In other cases, particularly in the upright shoot-axes and leaves of 
many Monocotyledons, especially of the Grasses, Palms, Draccsnas, etc., which require 

greater elasticity and rigidity, 
the vascular bundle-sheath 
consists of a more or less 
thick, often (especially in 
Palms) extraordinarily thick 
layer of very thick-walled, 
lignified, long, spindle- 
shaped fibres, which fit to- 
gether without intercellular 
spaces. While the function 
of the ordinary endodermis 
is apparently only to render 
slow the exchange of sap be- 
tween the parenchymatous 
fundamental tissue and the 
vascular bundles, these large 
lignified fibrous strands 
(Sclerenchyma) not only 
serve this purpose, but upon 
them depends, in plants not 
properly forming wood 
otherwise, the rigidity of 
the shoot-axes, since the 
vascular bundles of such 
Monocotyledons, and some 
similarly constructed Dicotyledons, in themselves very thin and feeble, are not at all 
calculated to give the necessary rigidity to the stems and shoot-axes. These 
sclerenchyma-sheaths, moreover, do not always surround the entire vascular bundle, 
as in Fig, 154 ; frequently they accompany it only on its outer or inner side, or on 
both. Moreover, such layers of sclerenchyma, which belong to the fundamental 

tissue, do not always immediately accompany the vascular bundles; but very 

frequently are quite independent from these, as layers and strands running in 
the parenchyma of the fundamental tissue. They are particularly well seen 
as stout, dark brown, hard bands in the stem of the Bracken-fern (Fig. ^34, 
u 4 , pr) as well as in the stems of Tree-ferns, where they not rarely form 
a hard protective coat, both under the epidermis and around each of the large 



Fig. 153. — Portion of tJie transver.se section of one of the iarg'e vascular bundies of 
the stem of Pteris aqisUincc, with surroundinsj parenchyma P i the latter is filled (in 
winter) with starch, s spiral vessel in the focus of the elliptical transverse section ; this 
is surrounded by thin-wailed wood-cells containing starch. the scalarifonn vessels ; 
sp sieve-tubes, b bast cells with thick soft walls; bundle .sheath. Betw'eeu b and sg- 
is a layer of cells containing starch. 
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vascular bundles. In the long, thin, and yet very elastic and firm flowering scapes 
of Rushes {Jimcia^ Scirpus^ Claditiniy eic,), lignified sclerenchymoiis strands either 
run close beneath the epidermis, or a closed ring of that tissue lies in the neighbour- 
hood of the periphery, and gives the slender column the necessary rigidity, 
Schw^endener, wdio first called attention to the significance of these sclerenchyma 
layers and strands with reference to the elasticity and rigidity of the organs concerned, 
distinguished their cells as bast-cells. This nomenclature, however, has not been 
accepted by botanists; the name bast was given long ago to the elastic fibres in the 



FIG. 154. —Transverse section of a fibro-vascujar bundle from the stem of {Indian Corn) surrounded by its 

sheath of sclerenchyina: a is towards the exterior, hnd i towards the centre of the stem. // larg'C'celled parenchyma of the 
fundamental tissue. Only the parts v (sieve-tubes), ^{pitted vessels), s (spiral vessels), r (annular vessels), and the elements 
lying between these constitute the vascular bundle — the thick- walled shaded tissue is the sclerenchymatous sheath, 

phloem of the vascular bundle and the secondary cortex. Generally speaking-^ this 
true bast is not lignified, its long fibres being rather distinguished in fact by their 
flexibility. Besides, plenty of examples occur where the sclerenchyma layers described 
consist of cells which cannot be in any way compared externally with bast-fibres ; the 
sclerenchyma cylinder in the flowering scape of species ol Allium (Fig. 155 for 
instance, consists of cells transversely or obliquely truncated above and below,’ the 
relation of which admits of no doubt whatever that the entire sclerenchyma ring is 
only a layer of narrower cells of the parencliyinatous fundamental tissue, which is 
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distinguished from the rest of the fundamental parenchyma by possessing much 
smaller intercellular passages, or none at all, and by the walls being strongly 
lignified. The same is the case with the brown strands of the Bracken-fern, \vhich 
are prosenchymatous, it is true, but in part contain starch. The stem of Lycopodium 
chafiiaicyparissus (Fig. 1 57) shows that under certain circumstances the main mass of the 
■fundamental tissue may assume the sclerenchymatous condition : the very thick-walled 

cells, figured in transverse section, 
are pointed above and below, and 
are arranged in prosenchymatous 
layers. Not rarely, however, scle- 
renchyma cells occur isolated^ 
or arranged together in small 
roundish groups, or even forming 
loose layers in the fundamental 
tissue. Thus, the hard concre- 
tions, about the size of a grain of 
sand, in the soft flesh of the Pear, 
consist of groups of very thick 
sclerenchymatous cells, which are 
apparently nothing further than 
peculiarly developed parenchyma 
cells. The same holds good of 
the layers or groups of so-called 
stone cells, beneath the layer of 
cork in the cortex of dicotyle- 
donous wmody plants (e.g. in the 
Poplar). In other cases, these 
isolated sclerenchyma cells ex- 
hibit more characteristic forms, as 
in Fig. 157 h, which represents a 
many armed, large sclerenchyma 
cell from the leaf of a Camelia. 
Similar forms are found in the 
cortex of some Conifers ; very fine 
and numerous, for example, in 
the^. Fir {Abies pectmaia). In 
the hard stiff leaves of the Fro- 
ieacecB and some other evergreen 
plants, sclerenchymatous cells of 
the most various form are to be 
met with. Also in the pith of 
some wood plants, isolated or grouped, lignified sclerenchyma cells occur, mostly 
however of simple form. 

If possible, yet more various than in the shoot-axes and leaves, are the form« of 
fundamental tissue developed in the fruits and seeds of the Phanerogams. To select 
only a few examples from the almost endless variety, it may be mentioned that the 



FIG, 155.— Transverse section of the flower scape of Album Schoeno- 
j^yasum (X30). e epidermis ; ch chlorophyll cells; r colourless. cortical 
parenchyma ; m pith parenchyma ; g g' vascular bundles ; sr ring of 
sclerenchyma ; It central cavity. 



Fig. 156. — Transverse section from the rhizome of Pteris aguilina. h 
root-hnir.s; c strongly tliickened brown walled cells beneath the epidermis; 

a mox'e deeply situated cell, less tliickened— part of the wall seen 
se cells of deeper layers containing starch, passing over to the internal colour* 
less parenchyma of the fundamental tissue. 
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Fig. T57.~-Transverse section of the stem of Lycajiodiuni cfta7)i£Ecyparissus 


Plums and Cherries owe their name- — stone fruit— to the circumstance that the 
fundamental tissue of the pericarp, at first homogeneous and parenchymatous, 
becomes separated into two layers, of which the outer, enclosed by a solid 
epidermis, forms the edible flesh of the fruit, and the inner one the so-called 
stone. Each consists at first of thin-walled large parenchyma cells filled with sap 
containing sugar, while the cells of the tissue of the stone become exceedingly 
thick-walled, and finally, on ripening, are very strongly lignifiecl. Especially 
various are the cell-formations 
ill dry fruits, capsules, and in- 
dehiscent fruits, as well as in 
the testa of many seeds. It 
is, however, difficult to give a 
survey of these forms at all 
comprehensive, since a com- 
parative stud}" of them is 
still wanting ; and we have 
here to do everywhere with 
specific adaptations to definite 
biological relations of indivi- 
dual species of plants. In the 
tissue-formations of the coats 
of seeds and fruits it is some- 
times simply a matter of solid- 
ity and mechanical protection ; 
sometimes of arrangements 
which, on the ripening of the 
capsule, bring about its dehi- 
scence and the scattering of 
the seeds. Berries and stone- 
fruits by means of nourishing 
masses of tissue attract animals 
to eat them, and the latter then 
scatter the hard-shelled seeds 
at other places. In other cases 
again, wings or parachute-like 
outgrowths (Pappus of the Com- 
positse) arise on seeds or dry 
fruits ; and many other such ar- 
rangements exist, which are na- 
turally connected with peculiar 
developments of the portions of tissue concerned. 

Among the various forms of fundamental tissue is also to be included one which 
is the most widely spread and physiologically by far the most important, viz. the chlo- 
rophyll parenchyma of the green parts of plants, and especially of the foliage leaves. 
With reference to the forms of the cells and the formation of intercellular spaces, the 
absence of suberisation and lignification, and, the usually thin walls and soft contents, 



Fig. 157 5. — Fart of the transverse section of a leaf of Camellia ja^onica. 
P parenchyma cells with chlorophyll gfrains and oil drop.s ; F a very thin vascular 
bundle \ large branched sclcrenchynia cell, the arms of v.-hich are inserted 
between the parenchyma cells. 
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the assimilating tissue does not differ essentially from ordinary parenchymatous 
fundamental tissue, which may also be termed nutritive tissue in the wider 
sense. The distinctive point' — not only because the green colour of the plant is 
caused by it, but much more on account of its fundamental significance for 
the whole nutrition of the plant — lies in the presence of the chlorophyll-grains, 

which we may shortly distinguish 



as green-coloured portions of 
the protoplasm of these cells. 
Since, as I shall show later, the 
chlorophyll cells of the assimilat- 
ing parenchyma, the typical forms 
of which are found in the green 
foliage leaves, must maintain a 
vigorous exchange of gases for 
the purpose of assimilation ; and 
since, at the same time, the nu- 
tritive water of the soil is con- 
ducted to them, which they exhale 
into the air in the form of aque- 
ous vapour ; it is intelligible why 
the assimilating parenchyma in 
general possesses a spongy cha- 
racter. Its cells separate from 
one another until nearly isolated, 
often supporting one another only 
at single, narrow, circumscribed 
places, and forming numerous, 
large intercellular spaces, which 
usually communicate in all direc- 
tionSjand in which carbon dioxide, 
oxygen, and aqueous vapour can 
move from place to place. Since the 
assimilating tissue can perform its 
function only under the influence 
of light, we find it always in the 
form of thin layers immediately 
accessible to the light. Thick 
layers of chlorophyll would have 
no purpose : since thin layers of 


even o*i to 0-5 mm, thick absorb 
the useful light rays, layers lying deeper would thus obtain no more useful rays. 
Hence the assimilating tissue generally occurs in the form of plates, which are 
very thin but extensive in surface, and which in ordinary thin foliage leaves are 
covered only by an epidermis, abundantly supplied with stomata. For the reasons 
named, moreover, even in the very thick leaves of succulent plants and the Crassu- 
lacese, species of Aloe^ Agave, <^c., only a thin lamella of green assimilating tissue is 
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present close beneath the epidermis ; and the same is the case in the green shoot-axes 
of Equiseium, and still more evidently in the species of Cactus, the huge shoot-axes of 
which possess a thin green lamella only at the circiimference* is not 

the place to enter more closely into detail respecting the important physiological pro- 
perties of the assimilating parenchyma, since this can be done in a proper manner 
only in connection with the theory of the nutrition of plants to be expounded later. 

In what has been said concerning the epidermis, the vascular bundles, and the 
fundamental tissue, we have a description, superficial though it be, of the typical 
histological structure of vascular plants, i.e. the Phanerogams and Cryptogams. 
According to the requirements of the mode of life, the most various deviations from 
the forms of tissue mentioned 
may occur; of these we do 
not propose to treat further, 
since what has been stated suf- 
fices as a basis for further phy- 
siological considerations. As 
in the treatment of the external 
segmentation of plants, I shall, 
in connection with the three 
typical systems of tissue, again 
allude to the corresponding 
differentiations of tissue in the 
simply organised plants; where 
we find, according to the nomen- 
clature introduced earlier, the 
rudimentary beginnings of the 
three systems of tissues. If it 
were here proposed to exhaust 
all the various histological re- 

FlG, 138. — Transverse section through the leaf Selaginella maeqttali/olia 
lations of the lower plants, the yf m the midcUc; i? at the margin ; chlorophyll grams-thesmall dots in 

them are starch grains ; epidermis of lower side ; that of upper side ;/ inter- 
material for several volumes cellular spaces containing air ; stomata. 

would present itself; it suffices 

however for my purpose to confine ourselves to a few short remarks, simply to 
serve for the guidance of the reader. 

It is already known from the first lectures, that in the Mosses, Algse, and Fungi, 
many organs which in the vascular plants consist of multicellular masses of tissue, 
are constructed only of single cells, jointed filaments, or simple cell-layers. In such 
cases, it is obvious that a differentiation into epidermis, fundamental tissue, 
and vascular bundles cannot be spoken of. Where, however, the organs of 
the lower plants consist of several or numerous layers of tissue, we always 
meet with a more or less evident differentiation, which then presents itself as 
a rudimentary form of the three systems of tissue adopted by us. This is 
to be seen particularly clearly in the true Mosses, which are nevertheless highly 
organised. The spore-forming capsule {the sporogonium or moss-fruit) shows, 
especially in the highly developed typical Mosses, a sharply diffei-enliated epider- 
mis, which may even be provided , with stomata, marked off from an inner mass 
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of tissue, chiefly parenchymatous fundamental tissue, and which is generally 
differentiated into a compact colourless portion, and chlorophyll-tissue traversed 
with numerous intercellular spaces. Of special interest in this respect is the 
segmenting off of a portion of the epidermis as the deciduous covei of the 
moss-fruit, and, in the more highly organised forms, the formation of the so-called 
peristome. This consists of four, eight, sixteen or more so-called teeth, which on 
their part arise from peculiarly differentiated rows of cells beneath the cover mentioned, 
by the strong thickening and lignification of the cell-walls ; this is illustrated in 
part by Fig. 122, and the accompanying Fig. 160. It has been already pointed 
out that in the filiform thin shoot-axis of the true Mosses, a strand, consisting of 
narrow, elongated cells, and which is undoubtedly to be regarded as a rudimentary 
vascular bundle, runs within a w'ell-marked fundamental tissue, which is surrounded 



FtG, 159. — Trni!sver.sc .section of the stein of Bryion 
roseum (X 90). 70 root-hairs prociiiceci by the outgrowth’ 
of single cells nf the outenno&t layer. 



Fig. /o'i’Ei>wtTrn-a. A a sniall iefify 

shoot {£■) with the calyptra (r) ; B a plant {^g) with the 
almost ripe sporogoniiim ; .r the seta ; f the capsule ; c the 
calyptra; Ca longitudinal .section through the middle of 
the capsule ; d operculum ; a annulus ; p peristoiite ; c d 
columella; h air cavit}’; s mother-cells of spores. At / 
the loose tissue of the coluaiella presents the appearance 
of confervoid filaments. 


by a more or less sharply defined epidermal layer; and \vhen the leaves of the 
Moss, elsewhere consisting of a simple cell-layer, possess a mid-rib, in this also 
a rudimentary vascular bundle runs, joining that of the shoot-axis. Since the 
roots of the Moss only consist of jointed cell- filaments, such tissue differentiations 
obviously cannot exist in them. 

Much simpler are the forms assumed by the tissues in the majority of the 
Liverworts; which, however, in their most highly organised forms, the Marchantite, 
nevertheless attain a very considerable degree of organisation. The ribband-iike 
foliar shoots of these plants, lying flat on the substratum, produce root-hairs on the 
lower side, as well as leaf-like outgrowths ; while the upper side of the shoot developes 
into an organ of assimilation. A sharply marked epidermis invests an inner 
mass of tissue consisting of several layers, which is to be distinguished as funda- 
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mental tissue. Corresponding to the dorsi- ventral structure spoken of, the under side 
dispenses with stomata: these however are so much the more numerous on the 
upper side; and are developed in a form deviating from that usual elsewhere, as 
is shown in Fig. i6i sp. The predominating parenchymatous fundamental tissue of 
the Marchantia shoot is also differentiated in accordance with its ventral and dorsal 
side. It consists of a large-celled parenchyma; in which, according to Goebel, 
there are forms of cells which may be looked upon at any rate as feeble indications 
of vascular bundles; beneath the epidermis of the upper side of the shoot lies 
a spongy assimilating tissue, which is divided up info sharply bounded areolae, each 
opening on to the exterior through a stoma. 

From these highly organised true Mosses and Liverworts, where the most 
essential relations of the typical systems of tissue are still to be recognised, a series 
of forms lead by imperceptible stages down to the simplest representatives of these 
two classes of plants, in the histological structure of which scarcely any traces of 
differentiation are to be found. 



Fig. i6o.--The mouth of the cap' 
fiule {/S') of FonUnalts antipyretica {X50). 
ap outer, and i inner peristome (after 
Schimper). 


Fig. 161.— Transverse section of the flattened shoot of Marchuntia poly-^ 
morpha. u epidermis of lower surface ; 0 that of the upper surface ; sp 
stoma ; chi chlorophyll tissue within an areola (bounded by ss) ; p colourless 
parenchyma. 


I have already, in the introduction to the systems of tissue, mentioned by the 
way that in the Algge and Fungi, when they consist of solid masses of tissue 
(which is, of course, a necessary condition), a differentiation into epidermal and 
fundamental tissue takes place, in which not rarely there runs a rudimentary 
vascular bundle consisting of long cells; and here the additional remark suffices, 
that stomata are always wanting to the epidermal tissue, even when it is otherwise 
sharply marked off. 

In the consideration of the external segmentation of the Algae and Fungi, it 
w^as necessary to allude to the fact that instances of organisation occur, which often 
depart so completely from the typical relations of the Mosses and vascular plants, that 
we must look upon them no longer as rudimentary forms of the latter, but as quite 
peculiar. The same holds also with reference to the differentiation of tissue of many 
Algse and Fungi. Here, again, it must however suffice to illustrate by a few 
examples what has been said ; and indeed it is chiefly a matter of establishing 
the fact that' even when the histological relations are entirely abnormal, the 
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differentiation into a firmer, more resistent, epidermal layer, contrasted with an 
inner mass of tissue corresponding to the fundamental tissue, still recurs ; and that 
where the relations of form otherwise admit of it, a bundle formed of parallel, 
elongated elements runs in the fundamental tissue, which again is to be regarded 
as the rudiment of a vascular bundle. 

Apart from the Mucorini and a few other non-cellular Fungi, the hypha, or 
jointed fungus filament, is maintained with striking consistency as the elementary 
form of histological structure in the Fungi. The hypha is a filament segmented 

by transverse septa, mostly very thin, 
growing forward at its end, and 
often much branched. In the so- 
called Mould-fungi, the mycelium, as 
well as the fructification, consists of 
single hyphse; where, however, the 
vegetative body is more massive, as 
in the fungi commonly known as 
Truffles, Mushrooms and Toad-stools, 
Gasteromycetes, etc., the mass of 
tissue, often variously differentiated, 
is likewise composed entirely of 
such hyphae. The tissue of these 
plants is thus constructed, not, as in 
the majority of Algas and all Mosses 
and vascular plants, by means of bi- 
partition and a corresponding forma- 
tion of chambers, commencing ori- 
ginally in the unicellular embryo 
and proceeding with the growth; but 
the internal structure of the Fungus 
gives the impression of very numerous 
hyphse, each one of which strictly 
speaking leads an independent exist- 
ence, having become united into a 
colony, the single individuals of which 
— that is, the hyphse — are subordi- 

Fi G. Half of a longitudinal section through the fructitiGat ion of a. t- x t 

(a Gasteromycete). the so-called outer, the liatC, nO’WCVer, tO a COmmOU plan Ot 
inner peridiiim; these together constitute the skin; hairs. The figure ^ . y i r 1 *1 i 

is diagrammatic in so far that the hyphae are represented far too thick. COnilgUratlOU. InSteaCi Ol detai ied 

explanations, the consideration of 
the half diagrammatic Fig. 162 may give an idea of the facts indicated. In 
spite of this structure, entirely deviating from the usual histological type, here again 
a sharply marked differentiation of tissue nevertheless results; in Fig. 162 this is 
expressed chiefly by the closely packed (and, as it seems, lignihed or other- 
wise altered) hyphae running on the surface of the tissue-body, representing an 
epidermal tissue, to which even hair-like outgrowths are not wanting. Moreover, 
we perceive how in the internal mass of tissue the hyphi^ bound certain spaces ; 
of which the darker roundish portions enclose hollow chambers, in which the 
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reproductive cells (spores) are produced, 
diiferen dated, however, as in the fruits 
of Phanerogams, at the ripening of fruc- 
tification. The previously slimy internal 
hyphal tissue then dries up completely, 
and the dense portions containing the 
spores then appear as peculiar organs, 
which remain free in the cavity of the 
entire Fungus : this now, enclosed by 
the firm epidermal layer, has some- 
what the shape of an ordinary flower- 
pot. 

The fruticose Lichen, represented 
in Fig. 163, may serve as a second ex- 
ample of hyphal tissue. The Lichens 
are, as we now know, true Fungi, 
which have the peculiar habit of en- 
closing in their tissue their host-plants 
which contain chlorophyll (that is small 
Algee) without interfering with their re- 
production : these appear in our draw- 
ing as dark granules. These elements, 
serviceable, it is true, to the proper 
body of the Lichen, but foreign in 
other respects, behave within the hy- 
phal tissue just as if they only con- 
stituted a special layer of tissue, cor- 
responding to the assimilating paren- 
chyma of a green plant; and this to 
such an extent, that up to sixteen years 
ago, when De Bary first perceived the 
true nature of Lichens, these en- 
closed Algae were considered as a 
special form of tissue of the body of the 
Lichen itself. Apart, however, trom 
these remarkable facts, Fig. .163 shows 
with all requisite clearness the differen- 
tiation of the hyphal tissue into three 
systems. The outermost of these may 
be at once designated epidermal tissue ; 
and in the interior is a strand separated 
from the epidermal tissue. Thus again 
we meet with the three forms, which we 
have to regard as the most rudimentary 
indication of the three typical systems of 
tissue of the higher plants. 



The tissues in this case arc only fully 



Fig. x^-^.—Usnea barlnita, a fruticose Lichen. A optical loiipi- 
tudinal section of a thin branch, in potash ; B transverse section of a 
thicker branch ; ^>'tlie Aigce (so-called Gonidia) ; r epiderriial layer; 
m fundamental tissue; x the axial strand. 



FIG. \^~~iiaty^neda opitntia, A a slioot— natural .size ; 11 luii;<i- 
tudinal section of a segruent (slitjhtly majjnifiecl) perpendicular to the 
plane of the paper. The segments ol A are hat. 
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A similar internal differentiation results, however, even in the case where 
a plant from the subdivision of the Coeloblastae only consists of a single 
vesicle, the growth and branching of which is not accompanied by cell divisions at 
all. Among the Coeloblaslas in this connection are especially to be mentioned the 
marine Algaj Codizmi and Halymeda. These are plants of considerable size, variously 
segmented, and apparently composed of masses of tissue ; a transverse or longitudinal 
section, slightly magnified, presents apparently an ordinary plant tissue, resembling 
that of many other Algae, until closer inspection shows that the apparent cell tissue 
consists of the ramifications of a tubular cell in itself continuous, the thousand-fold 
repeated outgrowths of which are more or less segmented by constrictions. Here 
also the comparison of Fig. 164 will show the true state of the case. One has only 
to observe that Fig. B represents the longitudinal section of A, perpendicular to the 
plane of the paper, and indeed only through a small portion of the length of one 
of the Opuntia-like segments of the shoot. It is perceived at once, that the vesicles 
form at the periphery of the shoot a dense layer, representing to a certain extent an 
epidermis; and that in the axis the vesicles run longitudinally and are long-jointed, 
representing a looser vesicular system traversed by interstices, between the epidermal 
tissue and the axial strand, which however, corresponding to the form of the shoot, 
is to be imagined broad and flat. 
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THE SECONDARY GROWTH IN THICKNESS OF SHOOT-AXES 

AND ROOTS. 

Having started with the typical three systems of tissues, and traced the 
anatomical differentiation to its most rudimentary beginnings in the Mosses, Algse, 
and Fungi, we may now pass to the consideration of the highest stage of development 
which the formation of tissue undergoes in the vegetable kingdom. We find this 
chiefly in true woody plants, the trees and shrubs of the natural classes Gymnosperms 
(especially the Conifers) and Dicotyledons. But in many species of both these 
sub-divisions, not generally considered as woody plants, exactly the same processes 
of tissue-formation take place as in perennial woody plants; in fact much of what 
is to be said concerning {he formation of wood and the processes accompanying 
it is often especially evident in annual and biennial plants. In anticipation, however, 
it may be mentioned at once that the phenomena of growth to be treated of here 
do not, as a rule, occur in water-plants ; since the biological relations connected with 
subsequent growth in thickness have in general a meaning and purpose only in 
transpiring land plants. We may comprehend the phenomena here concerned under 
the idea of the secondary growth in thickness of shoot-axes and roots h 

As the whole process of growth in length and the origin of new organs is 
referred to the growing point of the roots and shoots; so the entire growth in 
thickness springs from the functional activity of a thin layer of tissue of similar 
character — i. e. from the cambium. Where this remains active for a long time, 
as it does occasionally even for centuries, the originally thin root-fibres and shoot- 
axes gradually develop into those huge thick bodies met with as old tree-trunks 
and their branches, and napiform roots and tubers. Although these organs 
originally (i.e. immediately after the conclusion of their growth in length) are com- 
posed, as already described, of epidermis, fundamental tissue, and vascular bundles ; 
later, when the growth in thickness by means of the cambium has continued 
long enough, but little remains of that original structure, the whole of the thick 
stem, branch, or root, consisting, apart from insignificant remnants of the primary 
pith and vascular bundles, entirely of the products of the cambium. With the 

^ Tlie extensive subject of the secoiidaiy growth in thickness, and especially the numerous 
abnormal cases not touched upon in the text, are thoroughly and accurately treated in De Bary’s 
‘ VergL Altai . der Vegctafionsorgane^ 1S77. 
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increasing age of such plants, the assimilating leaf-surface enlarges; and accord- 
ingly there gradually arises the necessity for a larger and more extended root- 
system, the parts of which, as well as the shoot-axes, gradually grow in thickness. 
The thickened roots, stems, and branches present not only the necessary solidity of 
structure, but they are also essentially adapted to meet the increased requirements 
of the large leaf-surface. In the first place, it is necessary to convey from the 
earth to the leaves large quantities of water and dissolved salts : this is attained by 
the woody body, which is the organ for conducting water, continually increasing in 
thickness. In addition, large quantities of products of assimilation are elaborated in the 
crown of foliage ; these must, at least in part, be conveyed to the subterranean roots 
and lower portions of the stem. Accordingly a so-called secondary cortex (secondary 
phloem), gradually increasing in thickness, becomes developed from the cambium ; and 
in this secondary cortex, sieve-tubes and parenchyma form the chief conducting organs. 
At the same time masses of parenchymatous tissue in the cortex, as well as in the 
wood, are employed for the storing up of reserve materials. If, however, we consider 
the distances which the ascending as well as the descending nutritive sap traverse 
in the roots, stems, and branches, it is evident that the ordinary thin epidermis 
could not afford sufficient protection against injurious evaporation during this 
movement. In many cases, therefore, in woody plants, the epidermis becomes further 
developed. Generally, however, it is replaced by a stronger layer — on the parts still 
young by typical cork-tissue, which possesses in an enhanced degree the properties of 
the epidermis ; on older parts by the formation of bark, which in its turn affords 
protection not merely against prejudicial drying up of’ the sap- passages in the 
cortex and wood, but also against mechanical injuries which might occur in the 
course of time. These remarks may serve to indicate simply the meaning of all 
the structural arrangements which are the result of the activity of the cambium. 
In true water plants, which transpire but little, or not at all, the necessity of a 
vigorous supply of water from the roots is of course entirely wanting, and accord- 
ingly no subsequent formation of true wood takes place ; consequently the increase 
in circumference of stem and root is unnecessary ; and all those adaptations accom- 
panying the formation of the secondary cortex, and of the cork and bark of the 
woody land-plants, are also \vanting. Of course natm*e employs yet other means 
for the attainment in land plants of a considerable size of the body, and for eilsuring 
a long continuity of life to the roots and shoot-axes. Among the Palms and 
palm-like Liliaceae, for instance, as well as among the Ferns, plants of large 
dimensions are found, in which great solidity of the older roots and shoot-axes is 
necessary ; and where practically the same remarks hold good as to the conduction 
of the sap. The circumstances here, however, are entirely different, in so far that 
in such plants the stem supporting the huge crown of leaves soon obtains its 
final thickness beneath the growing point. The tissues serving as passages for 
the sap, and as elastic masses, are developed equally from the beginning, without 
any subsequent enlargement in diameter; and this again is connected with the 
circumstance that the assimilating crown of foliage, although continually renewed, 
does not annually increase in size as in true dicotyledonous trees. 

I will now, in the first place, attempt to characterise as shortly as possible the 
tissue formations proceeding from the cambium and caused by the growth in thick- 
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ness. In this, however, I shall again keep in view only the commonest or typical 
cases. That in the great variety of the woody plants, innumerable more or less 
extensive deviations from this type occur, hardly needs mention. What is to follow 
concerns, in the first place, the growth in thickness of the shoot-axes ; deviations in 
the roots (always insignificant) may be mentioned with them as occasion arises. • 

The whole growth in thickness is connected, as stated, with the functional activity 
of the cambium. The origin of the latter, however, is itself again dependent upon the 
original nature of the vascular bundles. Here are concerned only those parts of the 
bundles w’-hich run as so-called leaf-traces in the interfoliar parts, the upper ends 
being cast off in the leaves at their death. In the plants in question, these leaf- 
traces are seen, on the transverse section of the shoot-axis, to be arranged in a 
circle; and their longitudinal course is in general parallel to the surface, as 
represented in Fig. 129. The phloem-portions of these usually not very numerous 
bundles are all turned towards the surface of the shoot-axis ; the xylem-portions 
being directed towards the centre of the transverse section. From the very first, 
even before the origin of the cambium ring, the elements of the vascular bundles 
are arranged in radial rows. 

The first indication of the commencing growth in thickness consists in that a 
layer of cells, lying in the vascular bundle between the phloem and xylem, grows in the 
radial direction, ^and accordingly becomes divided by tangentially placed partition- 
walls. Thus originates the fascicular cambium. The cells of this, arising by con- 
tinually repeated divisions, when they lie towards the phloem side develope into elements 
of the secondary cortex (secondary phloto), and when they arise on the inner side of 
the cambium constitute new elements of the wood. In many cases, the growth in 
thickness progresses in such a manner that this cambium layer, lying in each 
individual vascular bundle, causes the phloem as well as the xylem of the bundle to 
increase in the radial direction, so that the primitively rounded transverse section of 
the bundle becomes gradually elongated radially, and widened outwards into a wedge 
shape. The fundamental tissue lying between these vascular bundles which are 
growing in thickness, developes at the same time, by repeated cell-divisions. In this 
manner, however, a closed mass of wood is not formed; nor is a continuous layer of 
secondary cortex formed around the wood (e.g. stem of Gourd). 

In the typical case of growth in thickness, there is formed, after the production 
of a cambium layer in each leaf-trace, a similar layer also in the fundamental tissue 
between each two neighbouring bundles (see Fig. 16^, JB); and this always in such 
a manner that the parenchyma cells of the fundamental tissue are elongated in the 
radial direction, and divide by means of tangentially placed longitudinal walls. Thus 
arises the interfascicular cambium, which becomes joined on to the fascicular cambium, 
and together with this constitutes a continuous cambium layer. This appears on 
the transverse section as a ring; but of course it is really a hollow cylinder, 
running in the tissue of the shoot-axis. On the inside of this cambium-ring lie 
the xylem-portions, and on its outside the phloem-portions of the leaf-traces; and 
since the cambium-ring produces wood progressively on the whole of its inner 
side, a woody ring or hollow cylinder , Of "wood is produced, enclosing the pith 
or inner portion of fundamental tissue. , Ori the outside of the cambium-ring arises 
in like manner a hollow cylinder of secondary cortex. It may be mentioned 
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here that with this mode of growth, certain differences between the arrangement and 
form of the secondary cortex and that of the secondary wood necessarily arise. 
The cambium-ring increases progressively in diameter, and the wood-elements arising 
from it, and which grow but little in transverse section, need only be deposited 
so to speak by apposition on the wood-elements already present; hence the 
transverse section of the wood comes to present a very evident arrangement of 

its elements in radial rows, and 
in layers concentric with the 
periphery. On the outside of 
the cambium-ring, on the other 
hand, it by no means suffices 
that the layers of cortex already 
existing receive new^ deposits 
on the inside; for the conti- 
nually progressing increase in 
circumference of the cambium- 
ring necessitates a f urther 
growth in the peripheral direc- 
tion of at least a part of the 
existing elements of the cortex. 
In consequence of this, subse- 
quent alterations of the tissue- 
elements in the cortex take 
place, by means of which, under 
certain circumstances, their ra- 
dial arrangement is much dis- 
turbed : the arrangeixient in 
concentric layers, on the other 
hand, is usually more marked. 
Finally, however, the peripheral 
growth frequently ceases in the 
most external (i. e. the oldest) 
cortical layers ; and then, in 

Fig. 165.— Dinfjr.'xm of ordinary growth in thickness, with the development of COnseCjUence of thc formation 
a compact woody mass, i?, C the same transverse section at different stages in , ^ ^ * 

order of age. before the origin of the interfascicular cambium ; after its pro- J|,nd f^l'OWth of intCmal laVCrS 
Auction;* f after the cambium has been active for some time. Everywhere, H ^ ^ ^ ^ 

primary cortex ; .'T/ pith phloem; .rxylein of the vascular bundles ; ii> ^ three Inno-ifllHinJll PrciGlrc: ciricp rin 
.groups of bast-fibres in the phloem. N. B. these are widely separated in C \ Ji- ^ 

fascicular camluum ; fr interfa.scicular cambium ; /“A the wood developed from the CXtCriOl* 01' Othcr distOrtioilS of 
fascicular cambium ; the wood developed from the interfascicular cambium ; ’ 

the .secondary cortical tissue developed from the interfascicular cambium— the OUtCmiOSt OldcSt lilVCrS of 

diagram is based on drawings of .sections of the hypoccityl of ^ 

tissue take place. 

When the terms wood and 

cortex are employed in what follows, the secondary wood and seconclar}' cortex 
developed from the cambium-ring are always to be understood. We will now 
consider somewhat more closely the anatomical constitution of these tissues. 

The wood, as well as the cortex, consists of two systems of tissue, the origin of 
which is already to be seen in the cambium, First, of elements which are elongated 
longitudinally, and generally deposited together in the form of bundles or groups of 
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fibres with a sinuou^ course. The meshes of the network which thus arise, forming 
longitudinally elongated slits between the bundles named, are filled up by horizon- 
tally elongated parallel rows of cells, running in the radial direetioii from the interior 
to the outside ; these are the so-called medullary rays, which, according as they run 
in the wood or in the secondary cortex, are to be distinguished as xylem-rays (the 
silver-grain of the carpenter) or cortex-rays (phloem-rays). It is to be noted, 
however, that each cortex-ray is simply the outer continiialion of a xylem-ray, 
formed by the cambium. This coarser structure of the product of the cambium 
is to be seen very plainly in the decomposed stems of Brassica (Cabbage), Carka 
papaya, and other plants, and still more conspicuously in the woody skeletons of 
various species of Cactus — e. g. Cereus, Opimtia, and others, where the meshes between 
the wood- and bast-bundles are unusually distinct. In like manner, the broad bands of 
the somewhat strongly lignified(an exceptional occurrence) commercial bast of the Lime 
illustrate what is here said. In these cases the radial tissue of the rays, which fills 
up the meshes between the wood- and bast-bundles as they undulate tangentially, 
becomes destroyed by rotting and the action of the weather in general, because it 
.consists of soft non-lignified cells ; in the true woody plants, on the other hand, as 
may frequently be observed in the decomposed stems of the Red Beech in woods, the 
substance of the xylem-rays is occasionally more resistent than that of the wood 
bundles, and while the latter become destroyed by rotting, the former remain behind, 
constituting to a certain extent a skeleton of radially disposed plates. On a tan- 
gential section, moreover, as well as on radial split surfaces of ordinary wood, the 
larger rays are perceived as bands running horizontally, which traverse the woody 
mass from within out’wards; the smaller and very small ones are only to be seen 
with the microscope. Moreover only the first few rays, already existing at the 
beginning of the growth in thickness, run from the pith through the whole thickness 
of the wood into the cortex : they break up the mass of wood (seen on the transverse 
section) into a small number of wedge-shaped portions, with the broad side outwards. 
The rays subsequently developed with the progressive growth in thickness are much 
more numerous, and the later they arise, the further they are removed from the pith 
in the wood. They break this up, as seen on the transverse section, into continually 
finer, radially disposed portions, arranged in a fan-like manner. It is always to be 
understood, however, that this breaking-up apparent on the transverse section, is only 
the expression of the longitudinally elongated meshes in the undulating course of 
the wood ; and that the rays themselves only represent the filling up of these meshes. 

I may take this opportunity of remarking, as to the principle lying at the base of all 
the tissue formation of the higher plants, that, apart from certain organs of secretion * 
and isolated idioblasts lying in the tissue, similar tissue-elements of a plant stand 
everywhere in contact with one another. As the epidermis, the vascular bundles, and 
the fundamental tissue, as well as the individual cells of the two latter are all in con- 
tinuous connection throughout the entire plant ; so with the elements of the wood 
and cortex, now to be described more in detail, so far as concerns tissue-elements 
of the same kind. This principle comes out particularly clearly in the case of the 
medullary rays, inasmuch as these run as parenchymatous nourishing tissue con- 
tinuously from the wood into the corteic, and in their turn are connected v;ith the 
parenchymatous elements of the wood-bundles as well as with those of the cortex. 
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As in the primary vascular bundles, on the existence of which the formation of 
the cambium-ring and the entire growth in thickness depends, we can also distinguish 
two main groups of tissue-elements in the products of the cambium. The whole of the 
secondary cortex arising on the outer side of the cambium-ring is in the main a continued 
development of the phloem of the vascular bundle ; and the wood-mass arising on the 
inner side of the cambium-ring is in like manner a further development of the xylem of 
the original vascular bundle. We here neglect the medullary rays for the moment. In 

the cortex, as well as in the wood, we 
have again, in addition to vascular ele- 
ments (sieve-tubes and wood vessels re- 
spectively), also parehchy raatous tissue 
(xylem- and phloSm-parenchyma) and 
elastic fibres (wood and bast- fibres). 

We will, in the first place, consider 
the composition of the wood arising 
from the cambium-ring. In the Coni- 
fers, this consists entirely of elongated 
tracheides, or with a very small admix- 
ture of parenchyma. These are long 
fibres, pointed above and below, on the 
radial side walls of which are remark- 
ably large, isolated, bordered pits, which 
produce a very characteristic appear- 
ance (Fig. 1 66). In the Dicotyledons, on 
the other hand, such tracheides usually 
enter, it is true, into the composi- 
tion of the wood; together with these, 
however, three other elements occur. 
First the wood - vessels, which tra- 
verse the wood -bundle as continuous 
tubes, isolated or in groups, and usually 
with bordered pits^ More rarely they 
are reticulately thickened (annular and 
ordinary spiral vessels do not occur 
in the secondary wood, though the 
Gactacese possess tracheides with the 
walls thus sculptured), and then follow 
parenchymatous cells — the wood-parenchyma. These cells occur either in the 
form of spindle-shaped fibres pointed above and below, but with living contents ; 
or they resemble these but are chambered by several transverse septa. Sometimes 
forming the main mass of the wood, sometimes less conspicuous, in the mass, 
are the proper wood-fibres, or libriform fibres.- These are narrow, thick-walled, 
elongated cells, obliquely pointed above and below; the wall-structure of which 
may exhibit all transitions from that of tracheides with bordered pits to that of 
bast fibres, Of these histological elements of the wood, the one or the other may 
predominate, or; exist in small quantity, or be wholly wanting. Generally they 



Fig. x66.—Pimey syl'vestrts. Radial longituclinal section tbroug-h 
the wood of a vij^orous branch; canibial wood-cell; a—e older 
wood cells ; t bordered pits of the w’oad-cells in order of ag'e ; 
St larj^e pits where cells of the medullary rays are in contact with the 
wood cells (X 550). 



are all present, and their relative quantity and mode of grouping determine the 
character of the wood; which appears accordingly as a loose porous mass abounding 
in vessels and tracheides, or even chiefly parenchymatous, or, on the contrary, 
as a firm, dense mass of tissue chiefly composed of libriform fibres. Libriform 
fibres, tracheides, and wood-parenchyma form in ordinary cases the dense matrix 
of wood in which the vessels run; these usually possess far wider Iiimina, 
and are often recognisable on the transverse section even by the unaided eye as 



Fig. i67.~Tangential longitudinal section through the wood of Ailanthn.': ghmdiilosa. gg vessels ; 
St medullary rays cut across ; / wood parenchyma ;• if tracheides. 


punctate openings, and on the longitudinal section as more or less evident narrow 
canals. 

The vessels, tracheides, and libriform fibres of the wood, as soon as they are fully 
developed, contain air, and their walls are usually strongly lignified ; only the paren- 
chymatous fibres {Ersaiz-fasern and proper wood parenchyma) contain protoplasm 
and products of assimilation, and possess thin walls, which are pitted in the usual 
way and are often feebly or not at all lignified. . ■ 

Apart from a few still doubtful exceptions, the woody mass arising from the 
cambium in the course of years is composed of concentric layers, which appear 
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on the transverse section as rings; and, since one of these is formed each 
year, they are distinguished as annual rings. These are, of course, in reality hollow 
cylinders disposed one around the other. Each annual ring is the product of the 
wood-forming activity of the cambium-ring during one period of vegetation. That 
these appear, even to the unaided eye, as layers of the wood-body sharply separated 
from one another, depends upon the fact -that within any one period of vegetation 
(i. e. in the time during which an annual ring, is formed), the formation of wood itself 
varies periodically. It is evident that the inner portion of any one annual ring is the 
first to be developed in the period of vegetation— that is, it is formed in the spring; 
while the outer portion of the same annual ring has arisen towards the conclusion of 
the wood-forming activity in the same period of vegetation. At the boundary of suc- 
cessive annual rings, therefore, 
the spring-wood of the follow- 
ing ring is always deposited 
on the autumnal wood of the 
preceding next inner ring; 
so that the usually different 
wood formations of two pe- 
riods of vegetation lie imme- 
diately adjoining one another. 
Owing to this, the separation 
of two neighbouring annual 
rings is more clearly marked. 
Put quite generally, the spring 
wood is composed of ele- 
ments with wide lumina and 
thin walls ; the autumn wood 
last formed in a period of ve- 
getation consists, on the con- 
trary, of elements with narrow 
lumina, and often also thick 
wails. This difference comes 
out very clearly in the simple 
wood of the Conifers, which 
consists, as stated, entirely of trachei'des. The transverse sections of these are nearly 
square in the spring wood; in the autumn wood, on the contrary, they are narrow 
and rectangular, so that the cells appear compressed in the radial direction to 
one-third or one-fourth the diameter of those of the spring wood. 

Apart from the stronger thickening of the walls, the autumn wood is also 
richer in wall-substance and poorer in cavities than the spring wood. In the 
dictyledonous woods there is associated with these differences affecting the paren- 
chyma, tracheides, and libriform fibres, a corresponding difference in. the vessels, 
so that in general the vessels lying in the spring-'wood are far larger in transverse 
section than those formed in the summer and autumn. Frequently, the relative 
number of vessels in the rings of wood also diminishes with the advancing season. 
Thus, taken all together, the spring wood is more porous, looser, and poorer in 



Fig. i 68. — Transveree section of the wood of Rhaminti, jn- the 

autunm-wood of an older annual ring ; vessels in the spring-wood of a younger 
ring (after Rossmann). 
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substance than the autumn wood. The transition from the one to the other in 
the same annual ring may be gradual or sudden ; and it is to be added that the 
middle part of an annual ring, between the spring and autumn wood, is often 
especially rich in libriform fibres. 

On the transverse and longitudinal section of the older stems and branches of 
trees, the difference between the so-called splint (alburnum) and the heart-wood 
(duramen) is usually very marked. The alburnum is a pale, more or less thick 
zone of wood lying under the cortex, and in which two, three, or many annual rings 
may be recognised; the wood which lies within this zone is generally dark-coloured 
(red, yellow, brown, or black), and formed of a much harder mass. This is the 
duramen, alone employed in the arts. Since the thickness of the alburnum remains 
practically the same, w^hile the duramen increases in thickness year by year, it is 
obvious that an inner layer of alburnum becomes transformed annually into a new 
outer layer of duramen. This difference between the alburnum and the duramen is 
not always evident in the colouring and hardness— in the Pdr, for example; and in- 
deed it is stated-of the Box-tree and some kinds of hlaple, that this difference does 
not exist at all, but that the entire wood of an older stem consists of alburnum. The 
alburnum is* the wood in the condition in which it has arisen in a period of vegetation, 
by the development of the various wood elements from the cambium : it is the normal 
wood, which comes immediately and alone into consideration for the vital activity of 
the plant. The water absorbed by the roots ascends in it, and reserve materials are 
deposited in its medullary rays and other parenchymatous cells. The wood which 
has passed over into the condition of duramen, on the contrary, takes no more direct 
part in the vital activity of the plant; it is to be regarded as a mass of tissue passing 
over into decomposition, and perhaps also destined for the deposition of excretions. 
The duramen owes its' darker hue, as well as its increased hardness and re- 
sistance to destruction, to the infiltration of dark-coloured substances, often soluble 
in water as colouring matters (Red-tvood, Blue- wood, Yellow-wood) ; or of resinous 
bodies {Guaiacum^ Conifers) ; or occasionally even of silica (Tectona, Iroiwood), and 
other substances which, like these, in extreme cases not merely impregnate the w’alls, 
but partly, or even entirely, fill up the cavities of the fibres and vessels. 

In contrast to the resistent, elastic woody mass, the secondary cortex (secondary 
phloem) appears on the outside of the cambium-ring, generally as a softer mass of 
tissue composed chiefly of active living cells ; in this tissue, however, bast -fibres, 
singly or in groups, produce a conspicuous fibrous structure of great toughness. As 
already mentioned, the sieve-tubes are to be regarded as the characteristic main 
element of the secondary cortex ; in addition to which a larger or smaller quantity of 
thin-walled, elongated, soft parenchyma is never wanting. It is usual to distinguish 
both these together as the soft bast, in contradistinction to the proper bast-fibres. 
The latter are generally very thick-walled, often very long (but occasionally short) 
tough fibres ; which in some cases are completely wanting in the secondary cortex, 
and in others are scattered as isolated elements in the soft bast. Frequently, 
however, these predominate throughout the structure of the secondary cortex, in the 
form of more or less thick bundles, or even layers. Like the various elements 
of the wood, those of the secondary cortex may also be present in very different 
quantities and variously arranged. 
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The whole structure' of the secondary cortex is influenGed by the horizontal 
tissue of the medullary rays to an extent even greater than is the case in the 
wood. To mention two extreme cases only; the medullary rays, when they traverse 
the cortex in great numbers, may cause the whole of the remaining tissue to appear 
arranged chiefly in radial rows on the transverse section and^vhen bast 

fibres are present, these also appear on the transverse section to be arranged chiefly 
in radial rows. In the other extreme case, on the contrary, individual medullary rays 
become much wider as they proceed from the cambium to the exterior ; since their 
parenchyma ceils grow very strongly in the tangential direction, in correspondence 
with the increase in circumference of the stem, and become chambered by radial 
longitudinal walls, thus constituting a parenchymatous mass of concentrically 
arranged layers of cells, in which lie thicker bundles of soft bast, traversed under 
certain circumstances by bast-fibres. In the Conifers the arrangement in radial ro\vs 



Fig. 169. —Transverse section of the stem of yttni/erus communis, xx Cambium; /t/t, 
autumn wood of the youngest annual ring; db bast-fibres of the secondary cortex, in peri- 
pheral rows and with sieve-tubes between them ; m medullary rays (De Bary). 


as well as that in concentric layers is usually evident ; and Fig. 169 shows at once 
how the thick- walled bast fibres are here disposed in layers within the soft bast. 

Observed on a tangential section, the secondary cortex, like the \vood, 
is composed of sinuous or undulating bundles of elongated elements connected 
in a net-like manner; the meshes of which, likewise elongated longitudinally, 
are filled up by the parenchyma of the medullary rays. This structure is to be 
seen even 'by the unaided eye when the bundles abound in bast-fibres. 

The activity of the cambium is generally less energetic towards the exterior 
than on the inside ; i. e. the formation of cortex proceeds in the radial direction 
much more slowly than the formation of wood. This is obvious at once, on 
comparing the cortex in the transverse section of a large Beech stem, where it is 
only a few millimeters thick, with the huge mass of wood; both of them being of the 
same age. 

In shoot-axes which eventually proceed to perennial growth in thickness, the 



PERIDERM. 


165 

formation of periderm occurs before the commencement of the growth in thickness^ 
or simultaneously with it, or later. By periderm is understood a layer of tissue 
consisting of cork-cellsj which in normal cases surrounds the whole of the shoot- 
axis or root as a continuous envelope. In most cases it is of inconsiderable 
thickness ; occasionally, howwer, as in the Cork-Oak, it forms a layer (bottle-cork) 
several centimeters thick. We have in the peel of the potato a very instructive 
example of the formation of simple periderm. In some cases, as in the Elm, the cork- 
periderm grows out in the form of isolated longitudinal ridges. Thicker periderm 
may consist of alternate layers of thick- walled and thin-walled cork-cells; and the 
individual thin layers of cork not rarely become stripped off Ifom one another, as on 



FiCr, 170. — Commencing development 
of periclenn in the shoot-axis of A nonet 
cheirimolia (transverse section), e epi- 
dermis ; cc cells dividing to form cork ; r 
cortical parenchyma containing chloro- 
phyll. 



Fig, 171.— Cork formation in a first year’s branch of Ribes nigrum ; 
part of transverse section, e epidermis ; h hair ; b bast-ceIJs ; pr cor- 
tical parenchyma, distorted by the growth in thickness of the branch; 
K the total product of the phellogen (<:) ; k the radial rows of cork-cells, 
developed from c in centrifugal order ; pd phellodcrm— parenchyma con- 
taining chlorophyll, and arising centripetally from c (X 550). 


the older branches and younger stems of the Birch, and especially in many species 
of Melaleuca, The periderm is a strengthened substitute for the epidermis. The 
suberised cell-walls fit together on all sides without intercellular spaces, and possess 
the properties of the cuticle and the cuticularised outer cell-walls of the epidermis. 
The protection which they afford to the inner tissues against the evaporation of their 
fluids is increased by the cork-cells dying and losing their sap immediately after be- 
coming fully developed ; while granular or amorphous matters not rarely fill up the 
cavities in part or entirely (Birch). The origin of the periderm is due to a formation 
of tissue similar to the cambium. This cork-cambium or Phellogen either (and more 
.rarely) originates in the epidermis itself, , or in the layer of primary cortical tissue 
immediately beneath it ; or in a layer lying somewhat deeper. The cells referred to 
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grow first in the radial direction, and then become divided by tangential longitudinal 
walls. Of the two daughter-cells so produced, the outer developes into a cork-cell ; 
while the inner one, continuously increasing in width radially, again divides. Of 
the two daughter-cells now existing, the outer one is again transformed into a 
cork-cell; while the inner one remains active, and repeats the same process. 
This layer of cells which continually become regenerated is the phellogen ; the 
similarity of which to the cambium is increased yet more by the fact that layers 
of tissue often originate from the phellogen on the inner side also. These, as 
the so-called Phelloderrn, strengthen the parenchymatous living cortex (cp. Fig. 171). 
The arrangement in radial rows and at the same time in concentric layers (which 
immediately results in part from the origin of the cork- cells mentioned above, and 
in part from their cpickly terminated growth) are almost universally characteristic of 
cork-tissue. 

As in many cases ( Visctwi, Acer slriaturn, species of Cor 7 tzis^ &c.) the epidermis 
itself follows the growth in thickness of the organ for many years ; so also the 
periderm (and this is ofteiier the case) may for years follow the increase in 
circumference of a branch or stem by passive stretching and growth. 

Sooner or later, however, wFere the growth in thickness persists for a long 
time, a repeated changing of the peripheral tissues usually results — Bark is formed. 
In rarer cases this occurs as so-called ring-bark. This arises from the development 
of new layers of periderm in the deeper cortex, some cell -layers distant from the 
preceding periderm; and the older layers thus become exfoliated across the stem 
( Ckmaiis^ Cupressine^e, according to De Bary). Scale-bark, of which we find 
the simplest and most instructive example on the stems of Plaianus^ is however 
commoner. As is well known, there peel off from these stems in the summer 
larger or smaller plates of tissue, often as large as the hand and 1-2 mm. thick; 
and a somewhat rough surface, beset with corky warts, is left behind on the stem 
after their fall. If we now suppose that, at the same places in the cortex, such scales 
gradually die, and do not fall off, but remain suspended and clinging to one another 
on the stem, the latter would, after some years, become surrounded wiih a scaly 
layer of dead masses of tissue, deposited one over the other. These together constitute 
scale-bark; and at the same time, in consequence of the progressive increase in 
circumference of the stem, these dead packets of scales become more and more 
separated from one another by means of longitudinal clefts running between them. 
This process is to be recognised very clearly on close observation of the bark of (?Id 
Pine stems. The origin of these scales of bark is brought about by the repeated 
formation of thin lamellae of cork within the living cortex ; these do not however run 
•all round the organ, but their edges come to the surface at circumscribed places, so 
that a portion is cut out of the cortex, so to speak, as if with a gouge. Not only the 
'phellogen-layer concerned, ^but also the whole of the cortical tissue lying on its 
-exterior dies off" and dries up; whereupon the same process is again repeated towards 
the interior. Since now these cork-lamellae cut out indiscriminately the most 
•various forms of tissue from connection with the living parts, the bark-scales con- 
-sist of all the different cell formations which occur in the cortex generally; and it 
is clear that, since by the progressive development of bark a thicker and thicker coat 
grows around the stem, the living cortex,, itself, whilst being regenerated, in its turn 
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by the cambium, always represents only a relatively thin layer of the tissues produced 
from. the cambium. After the primary cortex has been removed by the processes 
mentioned, the older layers of the secondary cortex gradually take part in the 
formation of bark ; and as the inner older wood is transformed into heart wood, and 
the original pith and the primary vascular bundles surrounding it have likewise long 
ceased to take part in the, vital processes, the organ concerned (an older shoot-axis 
oiM'oot) now consists only of such living masses of tissue (secondary cortex and 
alburnum) as owe their existence entirely to the activity of the cambium. The 
varying hardness and other material peculiarities of the bark (and especially the 
way in which it gradually becomes split up by means of continually deeper longitu- 
dinal cracks, often connected in a net-like manner) depend on the properties of 
those masses of cortical tissue which provide the material for the development of 
bark. If large quantities of elastic fibres are formed in it, the bark also exhibits a 
fibrous fracture ; if, as very often happens, numerous stone-cells {scleroblasts) are 
present in the parenchymatous cortical tissue, these are found again in the bark- 
scales. The latter will also be rich in calcium oxalate when this has been 
accumulated previously in large masses in the secondary cortical tissue, as is 
commonly the case. 

As in the epidermis the stomata exist as passages of communication between the 
atmosphere and the air contained in the intercellular spaces; so also in the periderm, 
and later in the bark, peculiar organs occur by means of which, it is assumed, 
a certain communication between the atmosphere and the interior of the cortical 
tissue is established. These organs are the They arise even in the 

first period of vegetation of lignifying shoot-axes, and project from the smooth 
periderm of annual and perennial shoots usually as pale coloured roundish warts. 
With the increase in circumference of the organ they become widened, and at length 
appear as transversely elongated masses of tissue, which swell up in moist weather 
like cushions, their number increasing with the advancing age of the branch or 
stem. The lenticels may be considered as peculiar localised growths of the peri- 
derm. Where the periderm is developed in the epidermis or close beneath it, the 
lenticels arise before it or simultaneously with it beneath the not very numerous 
stomata of the shoot-axis. In the tissue lying under a stoma, a phellogen, convex 
inwards, is formed; and from this, serially arranged cork-tissue is developed 
externally, and phelloderm internally. This phellogen is immediately continuous 
with the rest of the periderm-forming tissue of the shoot-axis ; only its activity in 
developing cells is more vigorous, especially towards the outside. Moreover the cells 
originating from the phellogen externally are distinguished from those of the ordinary 
periderm, in that they possess intercellular spaces, and that the external mass of the 
lenticel forms a very loose powdery tissue, broken up into its individual cells. This 
maybe termed lenlicel-tissue, and is plainly shown in Fig. 172. The cells of this 
lenticel-tissue remain thin- walled and for a long time living, and, on contact with water, 
capable of swelling and even of growth. At the conclusion of the period of vegetation 
a dense layer of cork, not traversed by intercellular spaces, is formed in the lenticel; 

• . ^ What is here said concerning the Xenticels is taken from Dc Bary’s ^KergL Anat. der 
'V£ge 1 atiom~ 07 'gmie,'' § 179. . . 


i68 


LECTURE X, 


by means of which the communication of the cortical intercellular spaces with the 
atmosphere during the period of rest is interrupted. At the beginning of the new 
period of vegetation^ however, new looser lenticel-tissue arises from the phellogen of 
the lenticel, whicln splits the closing layer of cork and opens the lenticei during the 
period of vegetation. The origin of the lenticels is not always connected with the 


^ . 



Fig. 172.-- Transverse section through a lenticei of Sei!i(la alba, e epidermis j a stoma. Beneath 
this is the louse tissue of the lenticei, and further inwards the phellogen ; at the margin of the lenticei the 
development of periderm is beginning (after De Bary). 


existence of stomata, however. In the formation of internal layers of periderm, 
lenticels are developed quite independently, but to a certain extent as local growths 
of the new layer of periderm ; and since internal layers of periderm are necessarily 
connected with the formation of bark, lenticels thus arise within the bark. This is 
particularly clear after the Ml of the bark scales in Plaianus^ on the fresh exposed 
surface of the cortex, which is now beset with corky w^arts. 

What has hitherto been said concerning growth 
in thickness, is true especially of the shoot-axes. 
As already mentioned, however, the roots of woody 
plants also undergo a subsequent growth in thick- 
ness, which only differs in a few points from that 
of the shoot-axes. Here, as there, the first origin 
of the cambium is coniiected with the vascular 
bundles. These, as we know already, form an 
axial cylinder in the roots ; in which the phloem- 
portions are placed at the periphery, alternating 
with the xylem. The cambium arises therefore as 
an annular layer with sinuosities, so running that 
here again the phloem comes to lie on the dutside, 
and the xylem on the inside of the cambium. The 
formation of secondary wood and cortex then 
follows exactly as in the shoot-axis; except that, 
in general,, the peculiarity prevails in the root that 
. secondary wood springing from the cambium-ring (seen in transverse section) 
does not fit on to the xylem-portions of ihe. axial string, but is developed between 
on the inside of the primary phloem-portions. In the growth in thick- 
ness of the root, also, the production of parenchymatous tissue very commonly 



Fig. 173. — Transverse section through the 
ijpper swollen portion of the iiriuiary root . of 
Phaseolus mHltiJlorns—Ad'^?, niagiiified tluin Fig. 
:(4i. On comparing the two figures, the corre- 
sponding position of the primary bast {bb) is 
9bserved. ■ 
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predominates. In roots which grow in thickness, the formation of peridejm usually 
occurs at an early period; and this always takes its origin deep in the internal 
tissue. Inside the endodermis before mentioned, which envelopes the entire axial 
cord, lies a layer of parenchyma, the so-called pericambium ; ^and it is in this 
(according to De Bary) that the periderm of the root arises. Thus the whole of the 
cortical tissue of the root dies off, and a new cortical layer — e. a phelloderm — 
is produced by the activity of the phellogen, on the outer side of which is formed 
at the same time a periderm, consisting of cork. 

Mention may here be made, finally, of the peculiar growth in thickness of many 
napiform roots, e. g. Radish, Turnip, See., as well as of the tuberous swellings of 
some shoot-axes, such as the Potato, Turnip, &c. These parts of the plant, edible on 
account of their soft, thin-walled, non-lignified masses of tissue, owe (since they too 
are thin and. filiform at first) their later thickness and massiveness to the subsequent 
growth in thickness brought about 
by means of a cambium - layer. 

Essentially, and considered purely 
formally, the processes are the same 
here as in the ordinary cases 
where the cambium produces true 
wood ; only here, in place of the 
development of tracheVdes and libri- 
■form fibres, the formation of paren- 
chyma predominates, and .the ligni- 
fication of the cells produced on the 
inner side of the cambium-ring is 
entirely suppressed, or affects in a 
slight degree only the not numerous 
vessels which traverse the secondary 
wood consisting entirely of non-lig- 
nified parenchyma. Occasionally, as 
is known, Turnips and Potato-tubers 

bernme wnodv • thev are then tra- and left. The secondary wood forms two gronps—lylngabox'e and below 
ax^ i.xxy^xx cao. i,, the figure, c the cambium. The primary cortex has been thrown off ; 

•versed by tough inedible fibres i. e. the perklerm is developing at the circumference (after De Baiy). 

by actually lignified strands. 

Passing over the very numerous cases of abnormal growth in thickness^ 
in dicotyledonous woody plants (since these, in spite of considerable deviations 
from the type, nevertheless differ in no, way essentially from it), I may still say 
a few W'Ords as to the growth in thickness of a small group of monocotyledonous 
■plants—Monocotyledons not elsewhere exhibiting this process. Here are concerned 
a sub-division of the Liliaceae, to lyhich the well-known genera Dracaena, Yucca, and 
a few others belong. These plants, palm-like in advanced age, possess when young a 
thin stem, scarcely as thick as a finger, .whjch may subsequently attain a considerable 
thickness. This occurs of course by growth in thickness ; and this extends also into 


The essential facts on abnormal growth in, thickness are found in De Bary’s ^Anaf. dcr 
Vegetations-oi'gajie^ Cap, XVI. , 



the roots. Now the young, thin stem is traversed, as in Monocotyledons generally, 
by isolated closed vascular bundles, which, originating near the surface, ascend 
within the stem in a radially oblique direction, reach about to the centre, and then 
curve out some^^iiat suddenly, into the leaves (cp. Fig. 130). The paths of the 
numerous bundles arising at various heights and curving in and out, thus cross; 
and it is scarcely conceivable how, under these circumstances, a cambium 

layer, connected as in the true wood 
plants, and at the same time running 
through the vascular bundles, could 
come into existence. As a matter of 
fact, ‘the growth in thickness of these 
plants is initiated and carried forward 
in a somewhat different manner. A 
zone of the fundamental tissue, annular 
in transverse section, outside of which 
there lies a thin cortical tissue, becomes 
transformed by radial growth and the 
appearance of tangential partition-walls 
into a tissue capable of division-— a 
meristem; the activity of which cer- 
tainly possesses great similarity to that of 
the cambium. Some considerable differ- 
ences, however, are apparent. Apart 
from the fact that the development of 
secondary cortex from this meristem 
is generally very inconsiderable, no mass 
of wood, homogeneous and compact 
as in the Coniferae and Dicotyledons, is 
deposited on the inner side of the 
continually widening meristem circle; 
but the products of the layer of meri- 
stem are secondary vascular bundles, 
consisting of sieve-tubes and tra- 
cheides. These secondary vascular 
bundles exhibit a sinuous undulating 
course, anastomose radially and tangentially, and thus form a dense network, 
the meshes of which are filled with radially elongated parenchyma which originates 
from the zone of meristem, and, as. is easily observed, corresponds to the medullary 
rays of true wood. With this growth in thickness is also connected a develop- 
ment of periderm at the surface of the organ; J:his, however, is usually confined 
.to the production of a thin cork membrane, which, like the epidermis, completely 
.envelopes the whole organ as a smooth layer. 



rrc;. i;3. — Fart of trnn.sver.se; section of astern of Qraettua {;r- 
Jlexnii about thick and i ni. hi^h, taken about 20cm. beneath 

the apex, e epidermis; /i’ cork (;])ericicrm) ; a- cortical fundamental 
tissue ; transverse section of a fibro-vascular bundle -which l^ends 
out into a leaf; w. the primary fundamental tissue (pith); the 
primary bundles; x the zone of meristem, in which are young 
vascular bundics—older ones g have already, partly or wholly, 
emerged from the zone, its inner portion being transformed into 
radially arranged fundamental tissue [sjf). 


LECTURE XL 


LATICIFEROUS VESSELS AND RECEPTACLES FOR SECRETIONS. 

The epidermal tissue, the vascular bundles, and the fundamental tissue 
may be traced from their most rudimentary beginnings in the Thallophytes, 
through the Muscineae and Vascular Cryptogams up to the most highly developed 
Phanerogams as structures phylogenetically identical In them is expressed an 
essentially similar plan of organisation of the whole vegetable kingdom ; and even in 
the product of the cambium of the woody plants we discover nothing essentially 
new, but only a further development of these tissue-differentiations. 

The fact is quite otherwise with the la-ticiferons vessels and organs of secretion, 
which allow no such phylogenetic continuity to be recognised. At the most 
various stages of development of the vegetable kingdom, we meet with organs 
of this kind in isolated small subdivisions ; \vhile they are \vanting in other groups, 
often very extensive, or appear only here and there in them. In general, we 
have always to recognise in their existence, however, a sign of further advanced 
physiological division of labour; only the matter is especially one of chemical 
problems, which are to be solved by means of these relations of organisation. 
Since the division of physiological labour is most distinctly expressed in the 
Phanerogams generally; so, too, the forms of tissue here to be considered occur 
in them more frequently and in greater variety than in the Cryptogams, though 
they are by no means wanting to the latter. 

It is especially characteristic of the laticiferous vessels and organs of secretion 
that, while similar in nature in other respects, they are not exclusively peculiar to 
any one of the three systems of tissue, but are curiously independent in their 
occurrence. We find laticiferous vessels and organs of secretion sometimes, though 
more rarely, in the epidermal tissue ; at others in the fundamental tissue, or in the 
vascular bundles. In this connection the most that can be said is that they particu- 
larly affect the fundamental tissue. 

We may first consider the Laticiferous Vessels I 

In a large number of families, and genera within certain families, or even - 
species within certain genera (e.g. in the Euphorbiaceae, Urticacese, Asclepiadece, 
Papaveracese, Campanulaceae, Lobeliaceae, Cichoriacese, etc.), it is remarkable that from 
any wound, however small, there exudes at once a thick drop, or even a stream 

^ In so far as the description here given; differs from that in my ^Text-book,’ it is founded on 
J)e Bary’s * Vergkichmde Anat, der' Vegetatiom-sf^gam^ Cap, VI. 
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(the larger Eiiphorbiaceoe) of milk-like fluid. This is usually white, like animal 
milk, more rarely yellow {Chelidonmm) ox orange-coloured {Bocconia); and the 
outfiow ceases very soon after the injury. This milk-like fluid (the latex), as will 
be shown wore clearly later on, is contained in narrow tubes, generally much- 
branched or anastomosing. These are the laticiferous vessels, w^hich permeate 
all the organs of the plants concerned (in some cases perhaps with the exception 
of the roots) in such a manner that any puncture or cut, however insignificant, 
opens some of them, and occasions the outflow of the latex. The latex itself 
consists of two chief constituents; a watery fluid, and granules or drops, generally 
exceedingly small, suspended in it, which, as in animal milk, produce the opaque, 
milky appearance. In the w^atery fluid are usually dissolved, in addition to the 
mineral salts 'which occur in all the fluids of the plant, small quantities of sugar, 
gum, starch, and proteid-like substances ; and, according to circumstances, peculiar 
alkaloids or vegetable acids and their salts. The substances which cause the 
latex when drawn off from the plant to form, on mere contact with air, water, 
alcohol, ether, or acids, flocky coagula which become more or less clumped 
together and separated from the watery fluid, are still unknown. The small 

corpuscles suspended in the fluid, which cause the opacity and cloudiness, appear 
when strongly magnified as round bodies, often almost immeasureably small, 
in other cases larger. In the latter case, especially in the Ficus-like plants, 
the corpuscles exhibit a concentric stratification, but are at the same time soft 
and sticky. These emulsified substances generally show a tendency to cohere 
among themselves in the latex drawn from the plant; and so form coherent 
masses, which after the evaporation of the watery constituent present themselves 
as dense unctuous mixtures like Opium,- or as brittle resins like Euphorbium, or 
finally as elastic caoutchouc or India-rubber. In dried latex are also found small 
quantities of wax and fat. The most important product of the laticiferous vessels 
besides the Opium from Papaver somnifertwi (which contains Morphia) is perhaps 
Caoutchouc: this is obtained chiefly from a subdivision of arborescent Brazilian 
Euphorbiaceae {Hevea\ Indian species of Fictis^ as well as from Apocynaceae and 
some Asclepiadese. 

The medicinal employment of a variety of kinds of dried latex shows that 
besides the predominant substances already mentioned, smaller quantities of nar- 
cotically active alkaloids or other peculiar matters are contained in them. The 


occurrence of bodies resembling ferments is of especial interest for vegetable 
physiology. Among these, besides the peptonising ferment in Ficus carica^ the 
Papayotin contained in the latex of Carica papaya is particularly well known; 
and, according to the most recent researches, it is not improbable that ferments 
are distributed in many, or perhaps in most kinds of latex. 

It appears that the laticiferous vessels play a part similar to that of the blood- 
vessels, and especially the veins of animals. They contain on the one hand matters 
which find immediate employment in growth; and, on the other hand, secretions 
and excretions which accumulate in them, and are of no further use. When 
they contain ferments, their physiological significance is still further enhanced. 
Of particular interest in. this relation also is' the existence of starch grains in the 
latex of many Euphorbiaceae;^^ since,, with respect to these, we know that, after being 
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dissolved and undergoing further chemical changes, thej play a most important part 
in the metabolism of the plant. As however the occurrence of laticiferous vessels 
themselves is very variable, even within narrow circles of alliance ; so also tlie 
chemical composition appears to be variable in the highest decree, from species 
to species and from genus to genus even within the families, concerned. The 
substances mentioned as contained in the latex may be present or wanting ; or one 
or another of them may predominate 
or be reduced to a minimum, ’ ww-' 

The laticiferous vessels themselves 
are always so narrow that they can never 
be seen on a transverse section of the 
organ with the unaided eye. The micro- 
scope, however, shows that they may be 
of very different diameter in the same 
plant. In the roots, shoot-axes, and 
nerves of the leaves, run thicker tubes, 
from which thinner and yet thinner ones 
arise. The substance of the walls of the 
tubes always consists of soft cellulose, 
sometimes capable of swelling: they are 
never lignified, suberised, or otherwise 
essentially altered by infiltration. One 
of the most prominent characteristics of 
the laticiferous vessels is their continuity 
throughout the whole plant, or at any 
rate over wide areas. This may obvi- 
ously, even if not in every point, be 

closely compared with the vascular sys- . , . . 

tern of an animal. This continuity is jl n 

also the reason why a relatively con- J ^ L 

siderable quantity of sap flows from: a 
small injury at any part of the plant, in 
spite of the narrow diameter of the , 

laticiferous vessels; for their walls are v" 

under high pressure on all sides, which 
is brought about by the turgescence 

of the surroundinfif tissues. On the fig. 176.-^ Tangential longitudinal section throutjh the root 

^ or In the parenchymatous tissues run 

iniury of any tube, therefore, the sap numerous latidferous vessel-s, anastomosing laterally. A’sinallpor- 

J ’ 7 r of a laticiferous vessel with adjacent parencliyma, more higliTy 

is pressed forward even from distant jiiagnified. 

parts towards the opening. 

According to their origin and form, two kinds of laticiferous vessels are to 
be distinguished— the segmented and the unsegmented. 

The segmented laticiferous vessels, which occur in the Cichoriaceie (par- 
ticularly fine in the cortex of Scarzonera)^ in the Papaveracece, Campanulacese, 
etc., originate in the embryo, and in the embryonal tissue of the growing 
point, in the following manner. Jn certain series of cells which are previously 
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distinguishable by their peculiar contents, the transverse septa become entirely, or in 
rarer cases [Chelidonum) partially absorbed, so that an actual vessel is formed; at the 

same time, in many cases, lateral anastomoses are 
^ ^ I developed, the segments of these vessels sending 

. 1 I forth protuberances between the cells of neighbour- 

\\ I I tissues, which end blindly, or communicate 

'[M. ';i 11 A / directly with other protuberances of the same kind h 

\\ ^ I Thus the iaticiferous vessels form a reticular system 

i| ?J'i\ jj which extends up to the youngest leaves and grow-' 

;| |il| j| ^ \ I ing points, If in such plants a subsequent growth 

! ii' ' }i U \r thickness takes place, Iaticiferous vessels may 

JilB:? j 1) \/ gradually arise, singly or grouped in layers, as ele- 

. I ments of the secondary cortex betw'een the previ- 

iwl \\ ously mentioned constituents of the latter (these are 

I j \\ ^ particularly abundant in the roots of Taraxacum 

'iW'/ u n officinale). 

I ^ The unsegmented Iaticiferous vessels, w^hich are 

'..j ll j at present only knowui in the Euphorbiacese, Ascle- 

/I r r piadete, and Ficus-like plants (Moracese), arise in 

I u quite another way. Schmalhausen show^ed some 

u ( /M years ago that in the young embryo of these plants, 

\\ V r \\ place where the cotyledons spring from the 

W seedling, some few (4—6) cells, recog- 

i nisable by their contents, are present, "which in the 

u further development of the embryo put forth pro- 

X // 1 1 \ \ tuberances into the root as w’ell as into the plumule 

(f- I I \ \ leaves). These much branched tubes 

' jj /j now penetrate as far as the growing point of the 

I il root and shoot, grow^ continually with these, and 

/ U ^ become branched with the organs arising from the 

j| \\ growing points, just as in the shoot-axes them- 

t I selves ; so that thus, in a vigorously de\’eloped plant 

I I of this kind, the w^hole system of unsegmented lati- 

' j ^ ciferous vessels consists of a few multifariously 

I \ branched and very long tubes, which w:ere originall}^ 

j I simple cells. If it w'ere feasible by any means to 

(i j destroy all the other tissues of such a plant as a 

I i large Euphorhia or Asclepias, the entire form of the 

plant would still be preserved as a mass of very 

Fig, i77.--Latex-celIs (unsejjinentecl latici- r i i r • i ' i *1 

ferous vessels) of 1106 tfireads 01 vaiious thickness, representing the 

free from tlie apex of a shoot by rottins- ^ ii. 

ramifications ending' blindly; J? a piece more ramillCatiOnS OT thC Original lateX-CCllS ; JUSt aS tilC 
strongly magnified, writh ‘bone-shaped' starch , . , , p . , p 

grains. iiijccted vascukr system of a vertebrate animal after 

. . . the removal of all other tissue allow'S the wdiole 

^ With respect to these anastomoses of the segmented laticiferoiLs vessels, and the origin of the 
latter, see W. H. Scott’s paper *• Zur Entwickclungsgcschichte der gcglicderten Mikhrohrcn^ in 
' Arbeiten cles hot. Inst, in Whirzburg,’ 11 . 648. > 
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organisation of the body to be recognised. Like the segmented laticiferous vesselsj 
these unsegmented tubes may also send forth branches from the cortex across 
through the vascular bundles and secondary wood into the pith, in which they 
ramify all over or chiefly in the outer part. By maceration it is possible to free 
the ends of their branches in the growing points and leaves, and to convince 
oneself of the fact that we have here to do with continuously growing free ends of 
individual tubes, and not with the fusion of originally separated cells, as in the 
segmented laticiferous vessels. The walls of the thicker, older latex tubes, especially 
of the Euphorbige, may attain a very considerable thickness. 

■ While the finer ramifications of both kinds of laticiferous vessels are inserted 
between the most various tissues within the organs, the tendency prevails for the 
main stem of the tubes to accompany the vascular bundles, and especially to run 
in the neighbourhood of the sieve-tubes, or even to replace them. This is espe- 
cially striking where the laticiferous vessels in the secondary cortex arising from 
I the cambium are the more numerous the fewer the sieve-tubes, or 7nce versa {Papaver 

Rlioeas^ Argenmie mexicana^ Chelidonium majus, and Glaucmm luieum, according to 
I, De Bary). 

I The laticiferous vessels contain, as stated, two essentially different groups of 

[ substances; those which are again utilised in metabolism (proteids, carbo-hydrates, 
fats, ferments),, and those which must be regarded as excreta useless in metabolism 
(resins, gums, caoutchouc, alkaloidvS, etc.). 

The Receptacles of Secretions, now to be considered, and which should more 
proper!}^ bear the name of excretory organs, contain on the other hand exclusively 
: such matters as find no further use in the metabolism of the living plant This 

may be concluded with certainty from the fact that when these matters have once, 
arisen in a given receptacle, they remain there, and are not again dissolved and 
used for the purposes of growth. It is not implied that these matters produced 
as bye-products in metabolism are completely useless to the plant, like the refuse 
in chemical w'orks; they may, rather, according to circumstances, be of use 
for the well-being of the plants concerned in this or that sense. This is particularly 
well seen in many epidermal glands, to be described later. It is only to be insisted 
on here that the matters referred to are not further concerned in the nutritive 
processes and metabolism accompanying growth. Since such substances, as already 
mentioned, also accumulate in the laticiferous vessels and become withdrawn from 
the processes of interchange of fluids, it is intelligible that, with few exceptions, the 
plants provided with laticiferous vessels possess none of the receptacles for secretion 
here to be described*; and also that the presence of the latter generally precludes 
that of laticiferous vessels (De Bary). 

The refuse matters collected together in the receptacles for secretions are, from 
a chemical point of view, of very various nature. Calcium oxalate, in the form 
of beautifully constructed crystals or crystalline granules, occurs very commonly, 
especially in Phanerogams. More confined to single orders and families are found 
resins and ethereal oils, both usually combined into a so-called balsam ; mueus, 
swelling in water, and various kinds, of; gum^ also occur, and these, when they 
are accompanied in the receptacles for secretions by resins and ethereal oils 
and form emulsions in water, . resemble , latex. From the presence of" these 
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substances in laticiferous vessels, in the narrower sense, it cannot yet be concluded 
whether a sharp distinction exists between segmented laticiferous vessels and 
serially arranged secretion-vesicles. Very widely distributed are, further, certain 
tannins, often mixed with a red colouring matter. These are found in special 
individualised cells or in rows of cells, and are not again employed in metabolism, 
and are therefore to be considered as excreta; whereas in other cases {e.g, the 
plumule of the Oak) tannins of another kind are to be recognised, from their 
origin and disappearance, and by their behaviour in growth, as special forms of 
reserve-materials, w’hich find further employment in metabolism, and are therefore 
to be excluded from our present considerations. 

It would, however, be in vain to attempt a thorough classification of the 
organs of secretion according to the chemical nature of their excreta; and 
a purely histological classification would lead just as little to a satisfactory 
result. We will confine ourselves in what follows, therefore, chiefly to the 
general characters of the organs concerned, without attempting a rigid sifting 
according to this or that point of view\ It may be mentioned in anticipation, 
however, that the receptacles for secretion^ present anatomically the greatest 
possible variety. Very often they are individual cells, lying in the tissues, which 
contain calcium oxalate, mucus, resin, tannin, etc. : or such cells are arranged 
in long ro\vs, which then usually follow the vascular bundles, or lie in the soft 
bast. Or the receptacles for secretion are intercellular spaces, which become filled 
with the secretion from the cells bounding them; and these intercellular spaces 
may either be long, more or less narrow canals, or form roundish or elongated 
sacs. Or serially arranged or roundish cell groups become disorganised, and 
the cavity thereby arising (according to De Bary a lysigenous intercellular space) 
remains filled with the products of decomposition of the cells. Finally, secretions 
may arise in the wall separating neighbouring cells; or even between the cuticle 
and the proper cell wall in the epidermis and hair-like structures, as is often the 
case with the numerous epidermal glands in the Phanerogams. 

The fact that the receptacles of secretions, as well as the laticiferous vessels, 
with rare exceptions, make their appearance in the very youngest state of the 
organs, at the beginning of the difiereiitiation of their embryonal tissues, throws 
light on their physiological signification. They are already sketched out or deve- 
loped wdien the tissues of the vascular bundles and the fundamental tissue first 
commence to obtain their characteristic structure. Apparently the developing tissue 
rids itself during nutrition of certain products of decomposition even thus early ; and 
these remain lying in the receptacles of secretion as such without further use. 

Here also the higher degree of organisation of the shoot, in comparison with the 
root, makes itself evident, in that receptacles of secretions, which appear in the shoot- 
axes and leaves, are not rarely wanting to the roots, or are more feebly developed in 
them ; whereas they usually appear very abundantly in the flowering shoots of the 
Phanerogams. Families which possess no receptacles of secretions at ail are 
relatively rare among the Phanerogams— e.g. the Grarnmem and Cypcracem, 


^ De Bary’s description (‘ X'^ergL A?iat: Cap. Ill) of the receptacles for secretions is the only 
satisfactory one hitherto^ 
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CrucifercB, RimuncidacecB ; and Taxus, among the Conifers otherwise rich in 
secretions. 

I now pass to a somewhat more detailed description of the most important forms of 
receptacles for secretions^ and shall confine myself here also to the more common cases. 

The commonest of all the receptacles for secretions are the vesicles containing 
crystals (Lithocysts) in which calcium oxalate is accumulated as refuse matter. 
More rarely this occurs — as in many SolanecB^ some species of Amaranihus^ in 
the pith of Samhucus nigra, etc. — in the form of exceedingly small crystalline 
particles, which are deposited in countless multitudes in individual ceils, and fill 
these entirely. More frequently the oxalate of lime appears in the form of very 
thin needles, pointed at both ends, which lie parallel to one another and form 
bundles of so-called raphides, often filling up the entire cavity of elongated vesicles. 
This is to be observed in many Monocotyledons (Aroideae, Liliaceae) ; as well as 
in some Dicotyledons (the Vine and its allies. Cinnamon, Impatiens, etc.). In many 
Monocotyledons (species of Allium, Iridese, Amaryllideae) and in the great majority 
of Dicotyledons (particularly abundant and well developed in the bark of Guiacum 
officinale), the calcium oxalate appears in the form of single crystals, well formed on 
all sides, which are contained in the cells as simple individuals, or as twin crystals, 
or as clusters of crystals. The great variety of forms in which this salt appears 
is partly explained from the fact that, according to the rapidity of its separation, it 
crystallises either with two molecules of water of crystallisation in the klino-rhombic 
system, or with six molecules of water of crystallisation in the quadratic system. The 
much more frequent klino-rhombic forms in the plant are referred to the ground 
form of the hendyohedron, and develope as prisms, tables and twins with truncated 
angles of the most various kinds. The raphides also apparently belong here. The 
fundamental form of the calcium oxalate crystallising in the quadratic system is the 
quadrate-octahedron, the main axis of which. is sometimes extremely short, so that 
the crystal assumes the form of a letter cover ; in other cases combinations of the 
quadratic prism with the corresponding pyramid occur, and so forth h As a rule 
the crystal-vesicles contain a slimy substance: if the crystals are very large, the 
slime is less abundant. 

In some cases, on the other hand (tubers of Orchids), the cell is chiefly filled 
with slime, and contains only a small group of crystals. Where the crystals of 
oxalate appear as well-formed individuals or clusters, they often stand in relation with 
the cell-wall, and are embedded in cellulose projections, or in the cell-wall itself 
(pith of Xerria, Ricinus, in the vascular bundles of the petiole of various Aroidem, 
leaf parenchyma of Hqya carnosa, leaves of Citrus, cortex of Salix, Populus, Celtis, 
Fagus and others). In other cases also a relation of this kind is at least not im- 
probable. Very small crystals of calcium oxalate — their form no longer distinctly 
recognisable, but rendered evident by means of polarised light— are also found 
occasionally deposited in thickened cell-walls. These are particularly common in the 
bast of Coniferse, and in a few Dicotyledons (leaves of Sedum, Mesemhyyanihemwri). 


^ As regards the crystals of calcium oxalate, the chief work is that of Holzner, ‘Flora,’ 1864, 
p. 273, and 1867, p. 499. Further, Rosanolf, ^ Bot, Zeitg.’ 1865 and 1867. Graf Solms-Laiibach, 
‘Bot. Zeitg.’ 1871 ; and Pfitzer, ‘Flora/ 1872, p. 97 » 9 -^® ^Iso important. 
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Among the Gymnosperms, WeliDihchia mirahilis — so very remarkable in other 
respects also — has thousands of welhdeveloped oxalate crystals contained in the 
substance of the very thick walls of the schlerenchymatous cells (Fig. 178). 

The quantity or oxalate of lime may occasionally be enormous. According 
to Schleiden, the dry substance of Cereus senilis contains more than 85 per cent, of its 
weight of it. This substance is also generally abundant in the parenchyma of foliage 
leaves, as well as in the secondary cortex and pith of dicotyledonous woody plants, and 
occasionally in the medullary rays also (^Camellia, Vilis), Sometimes, however, the 

crystals are entirely wanting, as in the Equi- 
setacese, and most Ferns and Grasses; and 
even in families * of Phanerogams which are 
otherwise rich in calcium oxalate it is absent 
in single species, e. g. in nyctaginiflora 

(Solanacese), in Tulipa silvestris^ iJliunv 
iagon.zxi^ Liliiim candidiuin (De Bary). 

With regard to its distribution in the tissues^ 
we may notice the frequency of crystals of 
oxalate in rows of cells which accompany 
the vascular bundles, or run in the secondary 
cortex, or which, on the other hand, occur in 
groups or rows beneath the epidermis. M 
Monocotyledons are especially remarkable for 
the serially arranged large vesicles, containing 
slime and raphides, in the petioles, leaves, 
and bulb-scales — e. g. the Commelynacem, 
Amaryllidese, and Palms. 

In many crustaceous Lichens, and to a 
less extent in some other Fungi, calcium 
oxalate is excreted in large quantities on the 
exterior of the cells. Although oxalate of 
lime is occasionally met with in the form of 
small crystals suspended in the protoplasm ; 
in living cells rich in protoplasm, and even 
FIG. T7a-naif of a scierenchyma cell from fo those Containing chloroplivU, this does not 

with numei-ous crystals of oxalate of lime j i i • 

enibeddecIiH the outer layer of tlie very thick wall. afieCt itS bCing a USClCSS SCCretlOn, SlHCe CVeil 

in living cells — e. g. in hairs rich in pro- 
toplasm — such an excretion may obviously result without the life of the cell itself 
being endangered. 

In comparison with the exceedingly common occurrence of calcium oxalate, the 
excretion of calcium carbonate in solid masses is rare. Among the Phanerogams 
there are two families especially — the Urticacese in the wider sense, and the Acan- 
thacese — which are remarkable for the presence of so-called Cystoliths ; in the first 
family in connection with the epidermal system, in the others in the interior of 
the fundamental tissue. Cystoliths are massive bodies, often resembling a bunch of 
grapes, attached by a thin short stalk to the' wall of the cells in wfoich they are 
contained. The substance of this body consists of cellulose, which is permeated by 











SECRETIONS, 


m 


a large quantity of exceedingly fine granules of carbonate of lime, so that the whole 
represents a mass of stony hardness, from which the calcium salt maj' be dissolved 
out by weak acids, with the formation of carbon dioxide gas. Among the lower 
Cryptogams also cases of calcification are found — i.e. deposits of calcium 
carbonate in the substance of the cell wall — so that the whole plant is of stony 
hardness, as in the Corallinese and Melobesiaceae among the Florideae, and even in 
single species of Haly^neda^ as well as in Acetahilaria among the Siphoneas 
(Coeloblastse). 

If we now turn to those receptacles for secretions which contain fluids, we find 
the contents in the form of gummy mucus, or of latex-like emulsions, which may flow' 
out in abundance on wounding, or of 
solutions of tannin, balsams and the like. 

We here meet with tissue-formations 
which, at the one extreme, pass almost 
imperceptibly into segmented laticiferous 
vessels, as in the so-called tannin-bear- 
ing laticiferous vessels of many Aroidece 
and species of Musa\ while the other 
extreme is exhibited in the occurrence 
of roundish cells, scarcely differing from 
the surrounding parenchyma, and iso- 
lated or grouped in all kinds of w'ays, 
in which the substances mentioned are 
contained, usually as mixtures. We may 
term these structures collectively secre- 
tion-vesicles, and speak in more special 
cases of gum-vesicles, resin-vesicles, 
latex-vesicles, tannin-vesicles, and so 
forth. By this means the characteris- 
tic constituents of the contents are in- 
dicated. Apart from the laticiferous 
vessels of the Aj^oMbcb and species of 
Musa, from their nature still somewhat 
doubtful, there are found in the most 

Frc. r79.>— Cystolith {c c) in a cell of the hypoderm (/i) of the 

various subdivisions of the Monocoty- uppersideoftfieleafof/'VwfiVrtrj-^i-fr. epidermis ; cAcWorophyfi- 

■ tissue; 

ledons, Dicotyledons, and some Ferns, 

secretion-vesicles which are formed of thin-walled more or less long, often very 
long tubular cells, standing one over the other in rows, and accompanying the 
vascular bundles on the outer side, or at the circumference of the pith: or, as is 
the case with the rows of vesicles in Fhaseolus, running in the soft bast of the 
vascular bundle itself. Among the most remarkable forms belonging here are 
the vesicles abounding in tannin which run in the internodes of Samhiicus nigra ^ 
both in the cortex and in the circumference., of the pith; these, according to. 
De Bary, probably extend through the entire length of an internode (20 c. m.), 
and are at the same time remarkable for their , breadth (o*i mm. and more). The 
so-called utricular vessels also, occurring in , the Leeks,- and especially in the bulb 
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scales ol Allium Ccpa, A.fisiulosum, etc., deserve mention ; they run somewhat close 
beneath the epidermis, and consist of serially arranged, rather broad vesicles, the 
ends of which com imuiicate with one another by means of broad, pitted, transverse 
septa, and they contain a granular coagulable latex, which flows out in some quantity 
when a bulb is cut through at the base. The erroneously so-called laticiferous 
vessels of the Maples (well developed in Acer platanoidei) are similarly constituted; 
they run at the boundary between the phloem of the vascular bundle, and the 
sclerenchyma strands accompanying it. The resin of the Co7ivolvulacem^ partly 
used in medicine (e. g. Scammony from the roots of Convolvulus Scammonium^ 
Jalap resin from the root of Ipomea purga\ and others, are obtained, like the 
dried latexes of the druggists’ shops, by mere inspissation of the contents which flow 
out in the form of latex from the serially arranged more or less elongated secretion- 

vesicles of these plants. Like the true la- 
ticiferous vessels, the rows of utricles men- 
tioned may also be repeated in continually 
increasing numbers in the secondary tissue, 
originating from the activity of a cambium 
ring. The same holds good of the short resin 
and gum-resin vesicles found singly or in 
small groups in the cortex ; and which are 
distinguished by their refractive contents, 
and occasionally by their considerable size, 
in the Ginger-like plants, and in Calamus 
{Acorus), Piperacese, Laurineae and Magno- 
liacese, and also in some Euphorbiaceae (Cas- 
carilla bark) and Aristolochise. To these 
forms are to be added the mucus-vesicles in 
the parenchyma of the Malvaceae, Tiliaceae, 
Laurineae, Ulmeae, and species of Cactus, and 
in the tubers of OrcPis and the cortex of 
the Pines. They are generally distinguished 
from the ceils of the surrounding parenchyma 
by their larger size ; and are filled with a gum- 
like mucus, which dissolves in water. This 
latter is in the majority of cases (according to 
De Bary) nothing more than strongly swollen 
cellulose, which fills up the lumen of the cell, and arises from alteration of the 
cell-walls, still showing in part the layering and pitting of the latter. The mucus 
in the tubers of Orchis (Salep) arises however, according to Frank, in the interior 
of the protoplasm in the form of a vacuole, which grows up together wdth a small 
bundle of raphides and presses the remaining contents aside. When, as in 
Althea rosea, peculiarly grouped mucus-cells of this kind become completely 
disorganised, there arise lacunae in the parenchyma of various shapes and sizes, 
filled with this translucent mucus. Such gum-reservoirs are distinguished from the 
cases of proper Gummosis, where large groups of tissue in the older organs are 
changed into basorin and other kinds of gum (Cherry gum, Tragacanth, etc.), 



Fig. rSo. — Longitudinal section through a scale of the 
bulb of A ilium Cepa. e epidermis; c cuticle; p paren- 
chyma; the late.x of the utricular vessel coagulated in 
potash solution; gq septum of the vessel. The longi- 
tudinal wall is pitted, and separates the utricular vessel 
from one lying behind. 
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in that they assume their characteristic condition at the beginning of the differen- 
tiation of the tissues in the very young organs. Further are to be mentioned the 
tannin-vesicles of many plants. These are isolated parenchyma cellSj often hardly 
distinguished in any other way, which are filled with a concentrated solution of tannin, 
frequently accompanied by a red colouring-matter. Exquisite examples of them are 
found in the cortex of the stem of the seedling of Ricimis and many other germinat- 
ing woody plants, where they attract the attention of the microscopist either directly 
by the red colour, or by forming ink on the addition of solutions of irbn salts. 

A group of receptacles for secretions, well characterised anatomically, are the 
resin-passages and gum-passages; these arise by the separation of the walls of 
neighbouring rows of cells, and thus constitute cellular passages filled with secre- 
tions. In the Cycadeae, some Lycopociioe, Marattiaceas, and species of Canna^ 





Fig. i8i. — Pat t of the transver-se section of the stem of FecmctdHin ojffhinaU (Fennel) slightly magni- 
fied. e epidermis ; ch green, and r colourless parenchyma of the cortex ; cc bundles of collenchyma ; hh 
resin canals ; hi wood ; s' vessels ; ?>z pith, 

Opuntiae, and Araliaceae, these passages contain mucous substances ; in the Coniferae 
(with the exception of Taxus) the contents are mixtures of ethereal oil and resin 
(balsam), and the same also occurs in the Terebinthacese, Umbelliferse and those 
Compositse wdiich possess no laticiferous vessels. These intercellular canals are 
generally elongated, and often penetrate the whole of the organs of the plant ; 
or they may be wanting in the roots, but are then so much the more abundant 
in the primary and secondary cortex of the shoot-axes, and occur also in the 
foliage leaves. The length of these canals, and apparently also their occasional 
lateral communications, explain why trees which produce resin gradually exude 
such large quantities of balsam from local wounds, which then generally stiffens 
to pasty resinous masses in the air (resijas of Conifers, e,g. Sandarach, Mastic 
derived from Pistacea terehmthus, etc.). In other cases, again, as in the Alismaceae, 
Eutomace^ and the Aroidese among the Monocotyledons, and in the Clusiaceae, species 
pf Mamillaria^ and Umbelliferse, among, the Dicotyledons, such intercellular passages 
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contain latex-like emulsions of resinous and gummy substances (De Baiy). Oc- 
casionally these secretion-bearing intercellular passages only form short gaps in 
the tissue, as in the small leaves of the Cupressineze and in the seed-coats of some 
plants of the same group. 



FiC. 182.— Resin canals in the younjr stem of the Ivy (transverse section). A, B, C young' canals {g) at the 
boundary of the cambium {<r) and soft bast h wood. D and E larger and older canals lying at the 

boundary between the bast ( 5 ) and the cortical parenchyma (rp). 


The intercellular secretion-passages arise early in the tissue-differentiation in 
young organs ; and may also be repeatedly formed in the secondary tissue-layers 
produced from the cambium, especially in woody plants. It is generally by the 
separation of the angles of four neighbouring longitudinal series of cells that the 
passage is produced: this becomes filled at once with the secretion. If the passage 
remains narrow in diameter, the cells surrounding it either remain undivided, or, 
growing slightly, they undergo a single division only, so that the secretion-passage 
is only bounded by a few cells on the transverse section. If, on the other hand, the 
organ referred to increases in circumference generally, the secretion-passages running 
in it may also be considerably extended in width ; the cells surrounding them grow 
to a corresponding degree with it, and become divided by radial as well as by 
tangential walls (taken with regard to, the passages), so that the passage is now 
surrounded by two, or even by several layers of a special tissue, the epithelium of 
the passage, the granular contents and delicate wall of which distinguish it from 
the surrounding tissue. In the leaves of species of Finns, the bordering of the 
epithelium of , the passages by a closed sheath of schlerenchyma cells is very 
characteristic. As regards the source of the secretion, there can be no doubt 
that it originates from the epithelium; although it is not quite certain that the 
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Fig. 184.— Gland hair, from the inflorescence 
of Dictamnus Fraxinelta {after Rauter). B early 
stages of development; c mature gland with the hair 
{h) at its apex. 


internal glands, i.e. those situated under the epidermis, on the one hand; and the so- 
called epidermal glands, which belong to the epidermis and its hairs, on the other. 

The internal glands are often perceptible to the unaided eye as bright, trans- 
lucent dots in the tissue of foliage leaves or stems, e. g, in the leaves of the Citrons 
and Oranges, many species of Hypericum^ Lysimachia^ etc , ; or they are contained in 
protuberances of the outer surface, as in Dicfamnus Fraxinella, The internal glands 
in the skin of the fruit of the Orange are very conspicuous and large ; they abound 
in ethereal oils, and appear in ^transverse and longitudinal sections as roundish 
cavities, from which the inflammable ethereaToil spurts on the application of pres- 
sure. Such glands originate, so far as investigation extends, from a single mother- 


I'S'g; 

characteristic contents of the passage itself are already recognisable as such in the 
epithelium cells. Possibly the substance of the wall of the epithelium itself becomes 
chemically altered and concerned in the formation of the secretion. 

All receptacles for secretions not consisting of long vesicles, scries of vesicles, 
or long intercellular passages, were formerly collected together under the name of 
Glands. We shall employ this expression quite arbitrarih' for a special kind of re- 
ceptacles for secretion, which chiefly contain ethereal oils and resins dissolved in them ; 
and we shall at the same time distinguish two subdivisions of these structures — the 


Fig. 1S3. —Gland on the upper side of the leaf 
of Dictamnus Fraxinellcc, (after Rauter). A , B 
early stages of development ; C mature gland ; 
the covering layer forming a continuation of the 
epidermis ; c and j> mother-cells of the gland- 
tissue ; c a large drop of ethereal oil. 
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cell, which, as it slowly developes, undergoes many divisions in all directions, so that 
a multicellular mass of tissue of roundish form arises, the cells of which subsequently 
become remarkable as containing very granular, apparently dead protoplasm. Latcr 
on, the thin cell-walls dissolve ; the process commencing in the middle of the 
spheroidal group and proceeding outwards. There thus arises a roundish cavity, 
filled partly with watery sap, partly with drops of ethereal oil or balsam — the 
products of solution of the mass of cells. The layers of tissue surrounding this 
cavity fit closely on all sides, without intercellular spaces, and thus form a kind of 
wall to the receptacle for the secretion (well seen in the leaves of Citrus). These 
processes wdll be sufficiently understood on comparing figures 183 and 184; the 
relations there illustrated appear with few deviations to be exactly the same in the 
internal glands of the Myrtaceas, other Rutaceae, and in Hyper lam^ Gossypmm (Cotton), 
Lysimachia and species of Oxalis. 

Very many plants^ particularly among the Dicotyledons, owe the more or less 



Fig. 185. — A portion of the epidermis with glandular 
hairs, from the petiole of Primula sinensis, a com- 
mencement of the development of secretion ; d a large 
bubble of secretion ; d after the bursting of the bubble 
(De Bary), 


Fig. i86.~Lupu!in gland of 
the Hop. A young, before the 
secretion separates ; B older, 
the cuticle raised up by the 
secretion (De Bary). 


Sticky condition of the surfaces of the leaves and young shoot-axes to epidermal 
glands, as is easily perceived by passing the fingers over the surface of such plants. 
As a rule, the secretion at the same time possesses a strong specific odour, as in 
the glands before mentioned. The glandular condition of the epidermis proceeds in 
many cases from secretions developed by the epidermis cells themselves, as is very 
conspicuous under the nodes of the stem of Lychnis viscaria, on the young 
shoot-axes of the White Birch [Beiula alba)^ on the teeth of the leaf of Primus and 
species of Salix, and on small areas on the underside of the leaf of Prunus lauro- 
cerasus and others. The viscid secretion appears here on the epidermis cells 
(which are otherwise intact, but sometimes distinguished by being particularly small 
and peculiar in shape) between the proper cell- wall and the cuticle situated upon 

Cp. Johannes Hanstein, ' Ueber die Organe der Parz- und Schleimabsondenmgt ‘ Bot. Zeitg/ 
1868, p. 697 ; and also the much better description in De Bary’s ‘ Fergl Anati § 19. 
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it. As the secretion increases, the cuticle becomes more and more raised up 
from the underlying cellulose wall (De Bary). The balsamic secretion between the 
cellulose wall and cuticle in the hair-glands or glandular hairs appears in exactly 
the same way. It is usually the so-called capitate hairs, i. e. hairs consisting of 
a pedicle-like support and a roundish or broad shield-shaped capitiiium, which 
show this peculiarity; and it is practically indifferent whether the whole hair 
consists of a single ceil, or a cell series, or a mass of tissue. The secretion 


appears, as a rule, first at the apex of the 
apex of the cell series, between the wall 
and the cuticle; and, as the secretion 
extends from that point, the thin cuticle 
becomes gradually raised up in the 
form of a vesicle, the cavity of which is 
filled with the secretion. An unusually 
good example of this process is pre- 
sented in the glandular hairs of Primula 
sinensis 185). The so-called Lu- 
pulin also, a pulverulent strongly smell- 
ing substance which may be shaken 
from the ripe, cone-like, female inflo- 
rescences of the Hop, consists of glan- 
dular hairs, which, as Fig. 186 shows, 
are short, stalked, cup-shaped plates 
of tissue, the cuticle of which is 
raised up by the bulky secretion as a 
hemispherical vesicle, while the cells 
themselves die. The so-called Hashish 
arises similarly, in the long-stalked, many- 
celled capitate hairs of the female plant 
of the Indian Hemp. In very many 
other cases, e. g. in the Patschouli plant 
{Pogosk?jion patschouli)^ in the Thyme 
{Thymus vulgaris), in Cislus, Pelargonium 
etc., and also in the Fern Aspidium, the 
processes are essentially the same. In 
other cases again the balsamic secretion 
appears in multicellular glandular hairs, 
within the generally radially arranged 


capitulum, or, where none is present, at the 



FIG. Vertical section of tlie surface of the leaf of Psoralen 
hirta (Papilionacete). a an almost mature gland after the removal of 
the secretion from between the walls by alcohol ; c-coninienclngform. 
ationof secretion between the' cell walls ; b very young gland, before 
secretion. It is seen that the glandular cells are only elongated 
epidermal cells (fie Bary), 


septa of the peltate short-stalked capitulum of the hair itself: the septa split into 


two lamellae, and the intercellular space thus produced becomes filled with the 
secretion. Such ‘ schizogenous glands' are found on the under surface of the leaves 
of Rhododendron ferugineum and elsewhere. But schizogenous glands may also arise 
in the epidermis itself, as in the Papilionaceous plant Mr la (Fig. 187), where, 

by the division of one epidermis pell, a roundish group of cells is developed which 
extends deep into the tissue beneath and presents an almost globular aggregate, 
surrounded by the leaf-parenchyma. : The septa of this aggregate stand per- 
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pendiculaiiy to the surface of the leaf, and first exhibit the splitting and separation 
of the secretion mentioned in the middle : this proceeds so far later on, that the 
individual cells of the complex appear to lie quite separate in the mass of secreted 
substances (De Bary). 

Johannes Hanstein distinguished as Colleters certain massive multicellular 
hairs, the secretion of which consists of resin and gum, or gum alone, and 
effects the sticking together of the parts of the bud in many plants. This secre- 
tion is very conspicuous on the just opening buds of the Horse-chestnut, Poplar, 
and Syringa; and is evident in a less degree in very many other woody plants 
(Rihes^ Corylu.% Carpinus, Lonicera, Sambucus)^ 2Jidi also in many herbaceous plants 
{Heliajiihus, JDaiura^ Salvia, Viola, &c.). In the Polygonese, especially the Docks 
and Rhubarbs, it is chiefly mucilage, which becomes diffluent in water and fills 
up the spaces between the folded parts of the bud and covers the developing 
leaves and buds. These secretions, which make their appearance in the very young 
parts of the bud, are lost on the complete unfolding of the leaves and internodes, and 
appear to be a means of protection for the young organs against drying up, and 
other injurious influences. These substances are excreted from the hairs or colleters 
mentioned, which are developed especially at the edges of the young stipules, 
and elsewhere on the parts of the bud. They may present the most various 
forms, but the secretion always takes place between the cuticle and the outer cell-wall 
of the body of the hair: the cuticle, as in other cases, is raised up in a vesicular 
manner by the secretion, until it finally bursts (especially on the admission of 
water) by the swelling of the slime, and the mass spreads over the surface of 
the organ. Examples of schizogenous glands occur here also; and occasionally 
the epidermis itself is concerned in the formation of the secretion between its 
cuticle and cell- wall. ‘ 

In connection with the glandular hairs may be briefly mentioned here the 
mealy, dust-like, capitate hairs, described by De Bary, to which the under surface 
of the leaf of the so-called Gold and Silver Ferns {Gy?finogramme, Noihochlaena, 
Cheilanihes) owe their white or golden yellow (Pteris auratd) meal-like covering. 
The same is true of the mealy-dusted foliage leaves of many Primroses, e.g. Primula 
marginaia, farworn, auricula. The mealy covering is exclusively produced by 
the round capitula of shortly-stalked hairs ; frpm all points of the surface of these 
capitula are developed very thin, but relatively long rodlets or threads of an 
apparently resinous substance, which dissolves in alcohol, ether, acetic acid, and 
alkalies, and (it is said) again crystallises out from the solutions. This mode of excre- 
tion appears to be only another form of the excretion of balsam occurring elsewhere 
between the cuticle and cell-wall of the hair; since, according to De Bary, the 
vesicular glandular hairs previously described may occur in place of these dusty 
hairs on the leaves of the same or allied plants. 

Physiologically the most remarkable of all external glands are the digestive 
glands of the insectivorous plants, I contemplate treating of these later, however, 
when dealing with the theory of nutrition. 
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THE GENERAL EXTERNAL CONDITIONS OF PLANT-LIFE. 

The vital activity of plants is, like that of animals, the result of the co-operation 
of two factors; the internal structure, or inherited disposition, and the influences 
operating from without, or stimuli. 

It is of the greatest importance to be perfectly clear on this point; therefore it 
may be permitted to make the nature of the two factors mentioned more intelligible, 
where possible, by the comparison of an organism with a machine. 

The work done by a steam-engine, for example, depends in like manner 
upon two factors : namely its structure, and the energy which is supplied to it. 
Upon the form and combination of its individual parts depends what kind of 
work it can perform — -whether, as a locomotive, it will be in a position to draw 
a train ; or, as an engine, to plough an arable field ; or, as a spinning machine, 
to spin yarn out of thread ; or whether it puts a loom in motion, or planes the 
iron parts for another machine, and so forth. But be the machine constructed 
as you will, it performs the work intended by the constructor only if it be set in 
motion; and this, as is well known, is accomplished by the tension of the steam 
which moves the piston to and fro in the cylinder. 

Moreover, it is not enough merely that the steam is evolved in the machine; 
since, so long as it possesses too slight a tension, not sufhcient to overcome the 
friction of the parts of the machine, these latter do not move. The performance 
of work will only be attained if, by the supply of sufficient quantities of heat, 
the tension of the steam reaches a magnitude which gives to the parts of the machine 
the quickening energy by means of which it can perform the work in view. 

The case is similar with the work performed by an organised body, particularly 
of a plant, or part of a plant. The work which it is able to perform depends es- 
sentially upon its structure — upon the combination and chemical nature of its smallest 
parts. Whether these parts will be set in motion, however, and whether in ac- 
cordance with their nature and combination they will actually accomplish that which 
they are able to perform, depends entirely upon whether they obtain from without 
the energy in virtue of which they are put, into those forms of movement, the 
co-operation of wiiich we distinguish as the vital activity of the organism. 

After these considerations, it is clear that the investigation of the phenomena 
of life — i.e. Physiology — has to do with two problems : on the one hand, with 
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the investigation of the internal structure of the organs, and, on the other hand, with 
the exposition of those external influences by means of which this internal struc- 
ture is impelled to the movements and performance of work specifically peculiar 
to it. 

? As an engineer who wishes to criticise a steam-engine must know exactly, on 
the one hand its structure, and, on the other,’ the properties of heat and of steam ; 
so it is the aim of the physiologist to explain the phenomena of life from the internal 
structure of the organs, and the nature of the external influences acting upon them.) 
Only he meets, of course, with far greater difficulties than the engineer ; since the 
organism is an incomparably more complicated machine than any, how^ever perfect, 
constructed by man. In the first place, the structure of the latter is relatively easy 
to comprehend; and it is set in motion by the well-understood activity of heat and 
steam. On the other hand, our knowdedge of the actual internal structure of the 
organs of a plant is still in the highest degree incomplete; since in these matters 
it concerns the coarser visible portions far less than the molecular structure and 
atomic composition. This, since it depends upon invisible parts, can only be known 
by indirect methods, and by means of conclusions slowly obtained. Moreover, 
it is shown that the structure of the organism is not simply sensitive to one kind 
of external influence, as is that of a steam-engine; but that all known natural forces 
may affect the living machine. Plants do not re-act only to the motion which is 
communicated to them as heat, but also to the movements of the sether which 
our eye perceives as light. They are, at the same time, sensitive to electrical changes, 
and they re-act in a manner not yet understood to the influence of gravitation, and 
even slight contact may produce very great effects. But above all — a matter which 
does not come into consideration at all in. a machine constructed by man — the 
organism nourishes itself — i. e. it absorbs material into itself from without, and itself 
joins this to the substance of the organs already present. Here, also, it again de- 
pends upon the substance already existing, and its structure, that the nutrition in 
a given organism takes place in a certain manner, and not otherwise. When 
a seed or a bud becomes detached from a plant, in order to begin an in- 
dependent life, the course of the latter is already traced out beforehand. Tiie nature 
and combination of the smallest particles in the seed are specifically determined by 
the nature of the mother-plant — they are established beforehand. The question is 
only whether the germ will develope ; whether it will, as a matter of fact, perform all 
that wffiich it can perform according to the law^s prescribed for it by the mother-plant ; 
and this ^whether' depends upon the external influences of heat, light, gravitation, 
electricity, nutrition and respiration, the contact of solid and fluid bodies, and so 
forth. 

The difficult part of physiological investigation always lies in the explanation 
of the structural relations of the organs, by which the latter, in consequence of the 
influence of external forces, are put in motion in the w’ay specifically determined ; 
and, unfortunately, experience show^s that the coarser visible structural relations only 
play a more subordinate part in the matter, and that physiological investigation is 
compelled to go back to the invisible, smallest particles of matter, the mutual 
relations of which, again, can only be inferred from the entire working of all the 
visible organs. We may therefore reserve until we enter upon the consideration of 
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the individual phenomena of vegetation, a detailed study of the corresponding 
structural relations of the organs. 

Much, however, may be stated generally with reference to the influence of ex- 
ternal causes on the phenomena of life ; since here it is only a matter of proving, by 
means of observation and experiment, what kinds of vital phenomena appear when 
certain alterations are produced in the environment of the living plant. In this way 
it has been shown, even in the still very imperfect condition of our knowledge in 
this respect, that a far greater portion of the phenomena of life are called forth by 
external influences than one formerly ventured to assume ; and that what the living 
organism performs of itself, by reason of its inherited structure, always concerns only 
the specific nature of the performance. Whether and with what intensity this takes 
place depends, however, entirely upon the play of external influences. 

What I would here emphatically lay down, is the fact that every phenomenon 
of life arises from two factors: on the one hand, from the structure transmitted 
from the mother organism, and, on the other, from external forces working on this 
structure. Every phenomenon of life is the product of these two factors, neither of 
which is at all effective by itself. The one factor, the external influences, which we 
may also distinguish as the external conditions of life, we will now take into view 
somewhat more closely in its most general outlines. 

The life of the plant is a coherent chain of the most various motions of the 
smallest particles, the atoms and molecules of its substance, from which arise in the 
plant mass-motions of the entire organs, which, however, are slow and mostly difficult 
to perceive. The most general and important source of vital force through which 
the life-motions in the bodies of plants are called forth is, however, Heath As 
is well known, heat is to be imagined as a motion of the smallest particles of matter, 
which is transmitted from one substance to another. The intensity of this motion, or 
the force with which the smallest particles vibrate, is called the temperature, which 
in its turn is measured by means of the thermometer. Experience shows now 
that the vital motions in the interior of the plant do not occur until the tem- 
perature of the environment, which by degrees becomes communicated to the plant, 
reaches a certain height — a definite degree of the thermometer ; i, e. the heat-motion 
imparted to the plant must effect a certain intensity of the vibrations of its smallest 
particles, in order that those further motions of the atoms and molecules may take 
place by which the various chemical processes of nutrition, and all the various 
molecular motions of which the life of the plant consists, are called forth. 

Numerous, but by no means final researches® have shown that temperatures 


^ I have given a comprehensive description of the effects of heat on vegetation, with detailed 
references to the literature up to the year 1865, in my ^ Blandbuch der Ex^eriinental-AJiysiologie der 
FJlanzen' (Leipzig, 1865), pp. 47-68; and supplied more details concerning freezing in my 

* Lelirbiich der Botajtiky 1868, p. 562. Cp. also the succeeding editions of the latter book. 

® Concerning the upper and lower limits of temperature of vegetation, cp. my treatises in the 

* Regensburger Flora/ 1863 — ^ Die varubpx^henden Starre'^zustande periodisch beweglicher wui 

reizbarer PJlanzenorganei^ pp. 449, &c, ; and * Flora,” 1864, * tJber die Temper aturgrenzc?i der 
VegetatioJi^ p. 8 ; and further, p. 497, ' Dber den Emfluss der Temperatur auf das Ergrimen der 
Blatter: More details in this connection are to be found in my treatise, ' Physio logische Unter- 
suchungen iiber die Abhdngigkeii der JFeiPtung zmt der Temperaftir: Jahrb. fiir wiss. Bot B. If, 
1S60, p. 538, ' - 
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between the freezing-point of water, on the one hand, and about 50° C. on the 
other, indicate those intensities of heat-motion at which plant life generally is still 
possible. It is quite conceivable, and even occurs occasionally, that certain phe- 
nomena of vegetation may still occur even below the freezing-point of water, because 
from various causes the water contained in the cells only begins to crystallise at 
a few degrees below zero. However, these are isolated cases: in the great majority 
the vital movements in general only begin at a few or several degrees above the 
freezing-point. On the other hand, the temperature of 50° C. also denotes the 
upper limit only quite generally, since the majority of the vegetative processes are 
brought to a standstill below this temperature; and temperatures of 45^^ to 50° 
persisting for a long time are simply fatal to most plants. It depends here essentially 
upon the abundance of water or the succulence of the parts of the plant concerned 
whether they freeze^ at lower temperatures, or perish at too high a temperature 
below or above 50° C. Parts containing little water, as tlie majority of ripe, dry seeds 
and winter buds, are exceedingly resistent even to low degrees of cold, and the 
former even resist temperatures of 60° to 80° for a long time ; whereas very succulent 
organs often freeze even at temperatures in the neighbourhood of the freezing- 
point (this, however, is a specific peculiarity of certain plants), and are killed at 50*^ 
or even under. 

Within the specified range of temperatures there lies for each individual vegeta- 
tive function a certain degree of temperature at which it developes its greatest 
activity. We call this the optimum temperature ; thus distinguishing that point of the 
thermometer at which any one vegetative phenomenon exhibits its maximum 
activity. At every degree of temperature above or below this optimum, the vegetative 
phenomenon in question will be less active. Exact investigation shows also 
that, proceeding from the lower limit of temperature, at each higher constant degree 
of temperature already mentioned, the activity of the phenomena of vegetation is 
greater, until at the specific optimum temperature itself the maximum activity is 
attained ; and if the temperatures rise still higher, the activity decreases step by step, 
until, on attaining the upper limit of temperature, it ceases entirely. If this high 
temperature acts for a short time only, the vegetative phenomenon may be renewed 
when a lower temperature recurs ; if, however, the high temperature mentioned 
has continued too long, death ensues. 

In this case especially, where it is a matter of the dependence of the life of the 
plant upon the temperature, we may again take the example of the steam-engine 
already employed. We may compare the lower zero-point with that condition 
where the tension of the steam just suffices to overcome the friction of the machine, 
and to bring about a slow movement, which with increasing tension of the steam 


^ Concerning the freezing of i^lants, cp. Sachs, * Krystallhildimgen hci dem Gefricmi wid 
Verdnderung der ZeUhadte bci dan AttfiJimien iuf tiger PfianzentheilCf in the 'Berechten cler kgl. 
Sachs. Gesellsch. der Wiss.,’ Febr. 1S60, where I first described the separation of crystalline water 
from cells. In the ^ Unta'suchufigen ilber das Erfricren der PjflanmP in H. 5 of the periodical, 
^Die landwirthschaftlichen Versuchsstationen ’ (Dresden, i860), I gave a theory of freezing on 
which all more recent researches in this direction have been based. This was improved in my 
^ Leh 7 'huch der Botanik^ Miiller (Thiirgau) made valuable further researches, ‘Land* 

wirthschaftliclie Jahrblicher/ pub. Thiel (Berlin, 1880). 
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becomes accelerated, until the machine works not only with a certain velocity, but 
also in such a manner that ail the individual movements work together in the most 
advantageous manner ; this would correspond to the behaviour of the plant at the 
optimum temperature. If the tension of the steam is increased by supplying more 
heat to the machine, dangers arise with the increasing velocity of its motion : 
individual parts are heated and expanded too much, and others are strained until 
they rupture ; increased centrifugal force may cause the fly-wheel to break, and the 
machine shortly becomes destroyed by its own motion. We may comi>are these 
processes in a certain sense with the death of the plant from heat. 

By -the establishment of the three cardinal points of temperature (which 
expression includes the lower and higher temperatures as well as the optimum), 
it is seen that each single vegetative phenomenon in any one species of plant 
in general possesses its particular cardinal pioints. In other words, the lowest 
temperature at which perceptible growth takes place, does not necessarily suffice 
for the development of chlorophyll, or for assimilation, or for the irritability of 
motile organs, and so forth ; and wdien this is determined for one species of plant, 
the lower zero-points of these functions in another species are by no means necessarily 
the same. This is likewise the case with reference to the optimum temperatures 
and the upper limits of temperature. In general it is shown, however, that most 
plants flourish best at certain medium temperatures, somewhere between 15° and 
30*^0., because within these limits the various phenomena of vegetation take their 
course with sufficient energy and work harmoniously together. The diversity of the 
lower zero-points of the various functions may, however, bring it about that at certain 
lower temperatures, somewhere between 5° and 10° C., the various functions no 
longer work harmoniously together, so that pathological " conditions are induced.. 
It is observed, for instance, that in the spring time the young leaves of cereal 
plants grow, it is true, but in spite of bright illumination they remain yellow, 
because the lower limit of temperature for growth is not so high as that for the 
development of chlorophyll. Similarly, it is occasionally ‘observed during the 
regularly recurrent cooling of the air about the middle of June, that plants which 
require a relatively high temperature, e. g. Beans (Fhaseolus), Maize, Gourd, 
Buckwheat, etc., unfold new leaves, it is true, during such periods of cool weather, 
but for the reasons given above they remain yellow, until at a higher temperature 
the development of the chlorophyll is rendered possible. 

No object \vould be served by bringing forward here all the numbers which 
various observers have to a certain extent established as to the limits of temperature 
and the optima of the various vegetative phenomena. Better opportunities for this 
will occur later on, when considering the individual phenomena of vegetation them- 
selves. Yet it may in some measure contribute to the explanation of what has been 
said hitherto if a few numbers at least are mentioned as examples. The growth of 
the seedling in its dependence upon temperature has been most frequently observed^ 

^ In my treatise, * Physiologiscke Unfersuchungen iihcr die Abhmigigkeit der Keimtmg von der 
Temperature in the Jahrb. fiir Wiss. Bot (i$6o)j I first showed that the growth of roots and shoots 
above an optimum temperature is again retarded,. and may thus be represented by a curve which 
first ascends froxn the abscissa and then returns to it;; while up to that time, even by Boussingault, 
simple pro2:)ortionality between temperature and growth had been assumed. That the form of a curve 
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and it has been established that the seeds of cereals, for example^ can still germinate 
— i. e. develope their roots and seedling shoots— -at a temperature very near to 
the freezing-point of water; whereas the Maize and the Kidney-bean {Phaseolus 
multiflorus) require at least a temperature of about 9°C. ; and Date-stones, as it 
appears, only germinate at 15° C. The optimum temperatures at which the quickest 
growth of the organs of the seedling results, appears in our cereals to he 28^ or 29° 
C, ; in the other plants mentioned, however, it seems to lie above 30° C. At a 
continued temperature above 40° C. the germination of all these plants is abnormal, 
or they perish. 

Of the other most general vital phenomena of the plant, may be men- 
tioned, in the first place, the streaming of the protoplasm. In the hairs of 
the Gourd-plant this movement appears only to begin when the temperature 
reaches 10-11° C.; the optimum temperature of the streaming of the protoplasm 
may lie between 30° and 4^ 1 and towards it decreases moie and moie, to 

cease entirely if the exposure continues sufficiently long. 

The relations which we have so far explained between the vegetative processes 
and the temperature may also be graphically represented. If we suppose a straight 
line drawn horizontally, and its length divided into a number of equal parts, which, 
proceeding from left to right, arfe marked like a thermometer scale, 0°, 1°, 2'°, 3°, and 
so forth to about 50°; and if we then further suppose the growth in length of roots 
or shoots attained at the temperatures named, and in equal times, to be denoted by 
lines of corresponding lengths, erected perpendicularly on our horizontal line (the 
so-called abscissa) at the places where the temperatures belonging to it are recorded, 
these vertical lines represent ordinates of a curve obtained by connecting their upper 
ends together by a continuous line. It is clear that this line, usually curved, as al- 
ready said, attains its highest point above the optimum temperature of the abscissa 
line, and from thence again sinks down to the latter. This curved line we term 
simply the temperature curve of the growth in length; and to any one at all 
familiar with these nlatters, such a curve presents the easiest guide to the relations 
of law between temperature and growth established by investigation. In like 
manner the velocity of the protoplasmic movements may of course also be repre- 
sented by vertical ordinates on a temperature abscissa, and thus in the form of a 
curve; and, in general, each function of the plant dependent upon the tenipeiature 
may be so represented. 

So far as ^ve at present understand the dependence of growth, of the move- 
ments of protoplasm, the formation of chlorophyll, assimilation, and of the various 
other irritabilities upon temperature, light, electricity, and external influences in 
general, all these relationships may be likewise expressed in the form of curves; 
in each case the external influences being registered according to their intensity 
on an abscissa line, and the corresponding effects on the plant being expressed by 
ordinates? Everywhere, so far as sufficiently strict investigations are to hand, 
the curves of function so constructed show the main property of temperature 

ascending from the abscissa and returning to it may also be employed for other relations of 
dependence of the plant upon external influences, was further established subsequently by myself 
and other observers. This law is, however, expressed generally for the first time in the present 
lecture. 


GRAPHIC REPRESENTATION OF EFFECTS OF LIGHT, HEAT, ETC. 

curves : z. they begin at a certain intensity of the external influence, and thus 
at a definite place on the abscissa line, then ascend more and more until 
a maximum of the effect appears above a given point of the abscissa line, which 
is always to be distinguished as the optimum point, from whence onwards the 
curves again sink down to the abscissa. In order to illustrate this generalisation 
of our law of curves more clearly by an example, I may cite the dependence 
of the evolution of oxygen from the organs containing chlorophyll, under the 
influence of light of various colours ; for the evolution of oxygen effected by 
the chlorophyll is a function of the wave-lengths of light, in so far that only light 
the wave-length of which amounts to at least 0-0003968 mm., and does not 
exceed 0-0006866 mm., effects the separation of the oxygen. Starting from both 
extremes, this effect of the light increases, and reaches the maximum at an optimum 



Jved. Orange Y'eUmu. Green. Bine. Indigo. Violet. 


Fig, 1S8.— -The band A—H denotes the absorption spectrum of a solution of chlorophyll. The lines A, B—II are 
Fraunliofer’s lines. The spectrum is employed as the abscissa-line for the curves explained in the. figure (after 
, ,, PfefFer). 

wave-length of 0*000588911101. As is well known, the various wave-lengths of 
light produce in our eyes the sensation of the various colours of the spectrum ; and 
since the number first mentioned represents the wave-length of the blue, and the 
second that of the red, while the third — the optimum — denotes the wave-length 
of yellow light, w-e may also say that the evolution of oxygen begins in the blue 
light, ascends thence through the green of the spectrum up to the middle of the 
yellow, and there reaching its highest point again descends in the orange-coloured 
rays, to cease within the red portion of the spectrum. Thus if we have a sufficiently 
large solar spectrum, and a green leaf is placed during equal times in the various 
coloured regions of the spectrum, the quantity of oxygen evolved each time is 
expressed by the curve of which the cardinal points were specified aboveh 


^ With reference to the effect of various coloured lights On assimilation, cp. my treatise in ‘Bot. 
Zeit.’ 1864, pp. 353, &c., where the older literature, up to that time scarcely noticed at all, is 

r :, t ^ . 


lecture XU. 


196 

Indeed, it is not going too far to say that every dependence of a physio- 
logical Ihnction upon any one external influence assumes the form of a curve, 
first ascending and then again descending; and that we have here one of the 
fundamental laws of physiology. Since now Ave may term each dependence of 
a vegetative phenomenon upon external influences irritability, the form of curve 
mentioned represents the fundamental law of irritability. This, expressed in words, 
would run thus; — If the intensity of an external influence (J.e. of a stimulus) increases 
more and more, the effect of the stimulus, or the corresponding function of the 
plant also rises, but only up to a certain degree, the optimum of the former; if 
it exceeds this optimum, the effect on the plant is diminished, until at a certain 
most intense influence the functional capability of the plant ceases. And further: 
as the influence of the temperature only stimulates the plant when it attains 
a certain height, so also every other external force or stimulus only then appears 
to exert a perceptible effect when it has attained a certain intensity, sufficient to 
overcome the resistances existing in the plant. 

The law of the dependence of the phenomena of vegetation upon external 
influences, which I have here attempted to make clear, gives, as is ever the case 
with natural laws, the relations between cause and effect . in the most general 
and therefore abstract form possible. Thus, even the simply formulated law of 
gravitation is only a quite general abstract formula for an endless variety of 
events. The path described by a stone thrown into the air, as well as the 
arrangement of the planetary system; the apparent irregularity of the movement 
of comets, as well as the flowing of water from the continents towards the ocean, 
and the ebb and flow of the latter, are ruled by the abstract proposition that 
bodies attract one another in proportion to their mass, and in inverse proportion 
to the square of their distances : or, to select yet another example, the endless 
variety of natural phenomena produced by the reflection of rays of light ; the 
ordinary reflected image of our own person seen in the mirror, the focus of 
a concave mirror, the Fata Morgana, and the signals of the Heliograph, all 
come under the abstract natural law^ that rays of light are reflected from the 
surface of a body at the same angle as that at which they meet it. Just as 
little as we regard the fact that this geometrical expression underlies this endless 
variety of figures and phenomena, so little do we regard the above-described 
curves as representing in endless variety the relations between plants and the 
external world. Since it is the object of this lecture to give an account as clear 
and general as possible, and not merely abstract but also concrete, we will now 
pause again at a sketch, though slight, of those phenomena of vegetation which 
illustrate the dependence of the life of the plant upon external influences in a 
particularly impressive and intelligible form. 


.collected. Pfeffer gave farther investigations, made in my laboratory, in Arbeitcn des hot. Inst, 
in W'zbg., B. I. p. I. I referred to the errors of other observers on this question in the same (B, I. 
p. 276), in the treatise ‘ Die FJlmtze und das Auge a/s vcrschiede 7 tc Reagcnticn fur das LichD Here 
I have still to remark that the expression for the dependence of the evolution of oxygen upon 
coloured light — ^namely, a dependence upon the wave-length— correctly employed in the text, was 
first established by me in the third edition of my *Text Book’ (1873) and in the fourth edition 
(1874), p. 718,- which Pfeffer has not quoted in, his ^ FJlanzenphysiologie,^ p. 212. 
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There is, in the first place, the striking contrast of the winter rest of vegetation, 
as opposed to the vitality which the unfolding of the shoots and flowers in 
spring and summer presents. In the main it is the lower temperature of winter 
which renders the vital phenomena of the plant impossible ; only when the 
temperature of the air and of the earth rises several degrees above the freezing 
point of water, with a higher position of the sun, do the buds of trees, subterranean 
rhizomes, bulbs, and tubers begin to be active and grow. At first, this is hardly per- 
ceptible, and very slow ; but with the appearance of the first warm spring days, the 
shoots come forth into the light with striking rapidity, and in a few days the 
whole aspect of nature is changed. The surface' of the earth is brilliant with 
vivid green, flowers make their appearance, and in a few weeks one hardly 
remembers how bare and lifeless the winter landscape was. The contrast appears 
no less conspicuous when, coming from the hot air of the plains, in the middle of 
summer, we ascend into the cool climate of Alpine heights, of journey towards 
the far north ; we then leave a fully developed vegetation, to go towards a delayed 
spring. When our trees and fields are preparing for the autumn, vegetable life 
is just beginning on the mountains, and in high northern latitudes. If closely allied 
forms of plants are compared, of which the one is native with us and the others are 
at home between the Tropics, we very often find the former small, succulent 
herbs and shrubs, while the latter develope into woody bushes or huge trees — a 
difference which depends chiefly upon the fact that our summer is cool and short, 
while that of the Tropics is hot and long. Any one, finally, who has to cultivate 
plants of different climates on the same spot, e. g. in a botanical garden, knows 
with what great cost and trouble this is done. The construction of greenhouses 
and the costly labour are chiefly, if not exclusively, caused by the different require- 
ments of warmth of plants coming from different climates. 

Still more various, if possible, are the phenomena due to the dependence of 
the life of the plant upon Light k 

If, for example, we lead the terminal bud of a vigorous leafy shoot into the dark 
cavity of a box with opaque walls, a system of shoots, leaves, flowers, roots, tendrils, 
and even ripe fruits with seeds capable of germinating, develope on it. The whole, 
however, presents an exceedingly strange appearance ; the shoot-axes and leaf-stalks 
are quite white ; the laminae of the leaves are small, and coloured yellow instead of 
green, and generally are not extended flat ; and the entire substance of these so-called 
etiolated parts is richer in water, more delicate, and more sensitive to injurious 
influences than normal ones developed in the light. The flowers developed in the 
dark, however, attain their full beauty of colour and size. If now a bud of this 
shoot-system, grown in the dark, is conducted through another narrow opening of 
the box out into the light again, normal, green, flat-extended and large leaves 
are produced once more ; and the shoot, growing forward in the light, again obtains 
its normal peculiarities in every respect. This experiment, as simple as it is in- 
structive, shows that the growth of all the organs ’ can take place, even in deep 

^ I published the first detailed mvestigation Jon: the so-called , etiolation of plants in my treatise 
' Ueber den Einjltiss des TagesHchts atif Neubildung und Enfaltung verschtedener PJianzenorgane^ 
in Bot. Zeit. 1863, and further in the treatise, * Wirkung des Lichis aicf die Blnthcnbildtmg unter 
Ver mitthing der Lazibbldttcr^ ’ ' ' 
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darkness, though with some inconsiderable abnormalities ] that, however, the organs 
which are coloured green in the normal condition remain yellow or even colourless in 
the dark, whilst flowers, fruits and seeds are developed in the normal manner. The 
■most important point here, however, is that such vigorous growth in the dark is only 
possible when the etiolated shoot is nourished by normal green leaves exposed to 
the sunlight. If these latter are shut off from the light, or are even much shaded, 
by which means their assimilation is destroyed or injured, the gro\vth of the parts 
.in the dark box also ceases, or becomes in a high degree abnormal. Stated 
generally, the phenomenon described follows from the fact that the nutrition of the 
plant is a function of the chlorophyll in the green leaves ; and that this chlorophyll 
is only formed under the influence of light, and is enabled by means of the latter 
to decompose the carbon dioxide of the air, and thereby to produce organic 
vegetable substance, which becomes transferred from the assimilating leaves into 
.the buds, there to produce new organs even in the dark cavity. From the same 
fact is to be explained why the culture of plants in dwelling-rooms in general yields 
such unsatisfactory results. Even when provided with the best soil they remain small 
’ and inconspicuous, the older leaves fall off prematurely, and flowers, or it may 
be fruits, appear only in small numbers or not at all, because the influence of the 
light through the window on the green nutritive organs is too feeble to bring about 
a vigorous nutrition. These evils of chamber-culture only come forward the more 
actively the w^armer* the plants are maintained ; since the higher temperature forces 
them to vigorous growth, for which, however, in the feeble light, the corresponding 
production of constructive materials is wanting. The plants here grow themselves to 
death, so to speak. It may be allowed here also to interpolate the rule, based on 
I physiology, for the practical culture of plants in green-houses, that so far as plants 
' are concerned warmth chiefly signifies growth, while light, on the other hand, 
f brings about nutrition. Much light wdth a low temperature usually produces a 
j superfluity of nutritive matters, which the plant bears without injury ; a high tempera- 
ture with feeble illumination brings about growth without the corresponding nutrition, 
and is highly injurious to the plant, and in extreme cases even fatal. The 
too short continuance of daylight also accounts for the fact that in hot, tropical 
countries many of our native cultivated plants do not flourish ; because, although 
the high temperature stimulates them, it is true, to vigorous grow’th, the short 
tropical days do not allow of a sufliciently energetic nutrition. The larger the green 
^ .surfaces, especially of the leaves, the greater is the number of rays of light by which 
u the plant is stimulated to active, nutrition. Careful observations have shown that a 
. .square metre of the green leaf-surface of a vigorously growing plant produces, 

? in ten sunny hours, 3-8 grams of dry plant-substance by the decomposition of carbon 
dioxide h If one reflects how many square metres of leaf-surface a large tree 
.possesses, and that the nutritive activity in one period of vegetation continues with 
■US for about 150 days, it is clear that a tree forms many kilograms of organic sub- 
stance in the course of a single summer, affording the material for the development 

^ The investigation ^ Uber spccijische Assi^nilationsenergie' ('Arbeiten des bot Inst, in Wzbg., 

■ B. XI. p. 346) made by Karl Weber in laboratory, may be consulted on this subject. See also 
.Sachs, ' Bin Bcitrag zur Kcmihtiss der Emdhrungsthdtigkeit der Blatter' ’ in ‘ Arb. des Bot. Inst.’ 
18S4, B. III. p. I, where it is shown that very much more than this may be produced. 



PERIODICITY OF DAY AND NIGHT, 


199 


of buds and dowers which takes place usually in the next spring. This vegetable 
substance produced in the green organs is constructed from carbon dioxide and 
water, with the separation of a very considerable quantity of oxj’gen ; it is therefore 
a substance poor in oxygen. Plants, as is well known, are combustible, i. e. their sub- 
stance, poor in oxygen, is again converted, as it burns in the air, into the compounds 
rich in oxygen (carbon dioxide and water) from which it was originally produced 
in the cells containing chlorophyll. Just as much heat as is set free in the burning 
of a tree, must have been fixed during the production of its organic substance. 
This heat of combustion of a plant, however, represents a definite amount of energy 
which can be made useful — in a steam-engine, for instance : an amount of mechanical 
work exactly as great, only in another form, wus performed in the cells of the plant 
containing chlorophyll during the production of the organic combustible substance 
in them, from water and carbon dioxide with the separation of oxygen. Or, in other 
words, the energy which is produced by the combustion of vegetable substance existed 
originally in the form of luminous vibrations of the ether, the energy of which has 
been employed in the cells containing chlorophyll for the separation of the oxygen. 

This work of the organs containing chlorophyll also changes with the alternation 
of day and night ; but the resulting daily periodicity in vegetable life is made evident 
in many other phenomena. In the first place, in a periodical growth of the young 
organs, which may be accelerated by the darkness of night, unless the temperature 
sinks too low, and brings about, on tiie contrary, a retarding of the growth: thus, 
the rapidity of growth during the night may be greater or less than during the day\ 
according to circumstances. To the daily periodic changes most easily recognisable 
belong the so-called sleep-movements of leaves ; these are particularly conspicuous 
in the compound leaves of the Leguminosese, e. g. Rohinia and the Oxalidese ; they 
take place in such a manner that the parts of a leaf fold themselves together in the 
evening, either upwards or downwards, and open out again on the following morning. 
But even simple foliage leaves move. In July and August one need only look around 
a garden after sundown to perceive the altered position of the leaves of almost 
all the plants ; the large foliage leaves of the Sun-flower (Helianthus minimi)^ for 
instance, all bend dowmw’ards, so that the upper ones in part cover the louver, 
wdiile the foliage-leaves of the large Balsam {Ttnpalmu glanduli/era) all stand upright 
at night. These are only examples, however, since these movements are quite 
general. Still better knowm are the so-called sleep-movements of flowers, many 
of which close before sundown to open again next morning — phenomena which 
we shall consider in detail later on, and which depend upon the diurnal changes of 
intensity of the light and temperature. I 'shall also have to speak more in detail 
later on of the heliotropic curvatures of the growing parts of plants, and of the 
influence of light on the hitherto unexplained swimming movements of the so-called 
sw’arm-spores of the Algae. The manner in which light operates as & stimulus on 
plants is exceedingly various, and by its periodic daily alternations it leads conse- 

cpiently to daily periodical changes in plants. 

■ , ^ # 

* I criticised, and corrected by my owri observations, the older views (in great part quite 
wrong) on the daily periodicity of growth in length, in my treatise, ^Uber den Em.flt(ss dcr Lufttem- 
peratUr des Tagcslichics attf die stiindliehm und tUgUchen Aendeningcn des Lmigcfiwachst hums'* in 
Sachs’ •' Arbeiten des bot. Inst, in Wzbg./, B. I, p. 99. ’ - 
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or the cosmic forces universally operating on the plant, I have still to mention 
Gravitation. Plants possess an irritability— one might almost say a perception— with 
respect to the angle which their organs make with the perpendicular where they 
grow \ They are irritable as to the direct'on in which gravitation acts on each of 
their organs, and this independently of their weight, or of any pressure. They 
possess a sensitiveness to gravity, as we do to light or heat; while a direct 
perception of gravitation is completely wanting to us, since we perceive it only 
through the effect of weight and pressure. If a plant in full growth, the roots 
of which have developed in a fiower-pot, is brought from the ordinary erect position 
into some other — e.g. laid horizontally— it is noticed after several hours, or, according 
to circumstances, after some days, that all the growing organs, and some apparently 
already fully grown, have been caused to move by means of this change of position : 
the apices of the roots, the growing shoot-axes and leaves, flower stalks, etc., describe 
the most various curvatures, until the free moveable parts of the organs have again 
assumed those directions with respect to the horizon which they possessed before 
the change of position of the wTole plant Those previously directed vertically 
upwards or downwards become curved until their apices are again directed upwards 
or downwards; and parts previously growing obliquely or horizontally become 
curved, after the change of position, until they can again grow forward obliquely or 
horizontally in the same manner. We shall see later on that these movements 
are called forth by an effect of gravitation on those organs of a plant which are 
capable of growing. Stimulations are produced so that the organs respond to 
every change of position with respect to the direction of gravitation, and these 
only cease when the organs have again attained their original direction. This 
phenomenon is termed Geotropism. The influence of gravitation makes itself felt, 
however, in another and quite different manner, in that growing points arise at definite 
places, the position of which is determined by the direction of gravitation. To 
this point also we shall return subsequently. It may here be mentioned, in anticipation, 
that the influence of gravitation on the direction of the position of equilibrium in 
which the various organs of the plant grow onwards undisturbed can also be 
established with certainty without special experiments; it suffices to observe^ that 
the perpendicular stem of a Fir-tree or Palm stands vertical at every place on the globe 
where it grows — i. e. has exactly that direction which, continued downwards, leads to 

^ My views on Geotropism, presented in this book, are based on the following treatises by me — 

' Langm'ivachsthitm dcr Oher~ nnd Untcrseitc horizontal gehgfcr slc/t aMfivartskriimmcndcr Sprossc ’ 
(Arbeiten cles bot. Inst, in Wzbg., B. I. p. 193), and ‘ Uber das Wachsthtwi dcr ffaupf- mid 
’ (ibid, pp, 385 and 584). where I also first showed that organs growing obliquely 
to the horizon are geotropic like lateral roots: this was afterwards also demonstrated by Elfving 
for horizontal subterranean stolons, I wrote on the GeotrOpism of shoot-axes in M-'dora’ (1873) 
the essay, ^ Uber Wachsthmn tmd Geotropism anfreehter Stengelp a short notice on a very long 
investigation. In addition are to be comj^ared. on this subject my treatises, * Uber Ausehlicssung der 
geotropiscJicn mid heliotropisehen KriimmungenP and further, ‘ Uber oi'thotrope nnd plagiotrope 
Pjlanzentheilep in ' Arbeiten des bot. Inst, in Wzbg,/ B. 11 . I specially refer to the concluding 
remarks in the essay^last mentioned. 

2 I first showed in my ^ HandbucJi der Experimenial-physioJogie"' (1S65'), p, 100, that the 
demonstration of the influence of gravitation on plants by means of rapid rotation— undoubtedly 
first given by Knight in 1806— was not needed, since the same conclusion is to be drawn with the • 
same certainty from every day observations, as I have pointed out in the text. 
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the centre of gravity of the earth. The terminal bird of such a stem grows awav 
from the centre of the earth here just as it does at our antipodes, while the apex* nf 
the primary root tends towards it ; and no other force than the gravitati(.)ii of ilut 
earth is conceivable which could bring about this behaviour of the growing parts of 
plants. Further consideration also shows that this is true for all parts of the pianp 
no matter under what angle they grow with respect to the horizon or the radius of 
the earth. Each organ of a plant has its specific irritability as to the direction in 
which it is met by gravity ; and this in such a manner that it only obtains a definite 
position of equilibrium or rest when it is intersected by the vertical at a certain de- 
finite angle. It would be simply impossible for any one acquainted with this fact to 
imagine how the vegetable world could be formed, or exist in general without this 
effect of gravitation on the processes of growth, if we were not in a position entirely 
to neutralise the effect of gravitation on a living plant, by means of a simple 
instrument — the Klinostat. It suffices to fasten the plant in any position whatever on 
• an exactly horizontal axis, and to keep it slowly rotating, so that the growing 
organs continually change their direction with respect to the horizon, and come into 
reversed positions during equal periods. In this case the stimuli act in opposite 
directions on the same organ, and the angles under .which the various organs grow 
forth from their mother-organs are only determined by internal forces. In a similar 
manner, moreover, the so-called heliotropic curvatures effected by light can also be 
set aside by continual rotation opposite the source of light. 

Relatively little is as yet knowm concerning the influence of Electricity on the 
life of the plant K Experiments have been made chiefly bn the action of induction 
shocks on protoplasm, and on the irritable. and motile foliar structures of many plants; 
but the results obtained have not afforded a deeper insight into the nature of plants. 
In general, all that can be said is that very feeble constant currents or induction 
shocks during short periods produce no visible effects on protoplasm, but that, on the 
other hand, with a certain strength of the currents, disturbances appear in the 
protoplasm which resemble sthose brought about by a high temperature, and that 
with still further increase of strength of the current the protoplasm is killed. Feebler 
induction shocks act on the irritable organs of the leaves of Mimosa, the stamens of 
Berber is, Ceniaurea, etc., like shaking or contact — i.,e. the organs perform the 
corresponding movements. I found that constant currents proceeding outwards 
from the pistil in the flowers of Berber is stimulate the anthers to irritable movements, 
whereas similar currents in the opposite direction are without effect 

That electro-motive mechanisms are present also in the normal life of the plant 
itself may be in part directly demonstrated, in part presumed on general grounds, It 
has been established, for instance, that every movement of water in a tissue,' even in 
the woody mass, is connected with slight electric disturbances; and that these even 
appear when displacements of water are caused by the mere passive bending of a por- 
tion of a plant, or by movements of irritability on its part — processes of which we shall 
treat still more in detail in the proper place. In addition, however, we may assume 

^ I collected what was known up to the. year 1865 on electrical mechanisms and eftects in 
plants in the ^ Exj>crimental-pJiysiobgie^\i%S^, p. Kunkel made more recent researches in my 
laboratory, and at my suggestion, on the electiical action, and conductivity of the living parts of 
plants — ^ Arbeiten des hot, Inst, in Wzbg.f B, II, p. i and p. 333. 
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that the chemical processes in nutrition, continually going on in the plant, and the 
molecular movements during growth and the passage of fluids from place to place, 
are all connected with electrical disturbances of various kinds, although it has not 
been possible hitherto, to demonstrate this experimentally. We may also suppose 
that in the ordinary life of land-plants especially, during the continually altering 
differences of electrical tension between the atmosphere and the soil, equalisations 
take place through the bodies of the plants themselves. The land-plant rooted 
in the soil offers a large surface to the air by means of its branches, and the 
roots are still more closely in contact with the moist earth, wlrile the whole plant is 
filled with fluids which conduct electricity and are decomposed by currents. Such 
being the case, it can scarcely be otherwise than that the electrical tensions between 
the atmosphere and the earth become equalised through the plant itself. Whether 
this acts favourably on the processes of vegetation, however, has not yet been 
scientifically investigated, since what has been done here and there in the way of 
experiments in this sense can scarcely lay claim to serious notice. 

We possess, on the other hand, more exact and deeper knowledge, reaching into 
the very essence of the matter, as to the action of Chemical forces in the plant Among 
the very numerous chemical elements of the earth, there are but few which enter 
from without into the body of the plant (either in the condition of an element, 
as the oxygen of the air, or in the form of very simple compounds, as carbon dioxide 
and water, or, finally, in the form of salts) and there undergo decompositions 
producing new chemical combinations, from which the organisable substance of 
the plant itself proceeds. It is the object of the theory of nutrition to study these 
propesses in detail. Mention is made of them here only in so far as they con- 
stitute external conditions of the life of the plant. If only a single element of those 
necessary to nutrition is by any chance absent, or is present in too small quantity, 
a plant cannot be nourished at that place, and thus cannot even live for long. The 
well-being of any plant, therefore, depends upon all the elements contributing to life 
being present in suitable chemical combinations and available to the plant. That 
nearly the whole surface of the earth is covered with vegetation, and that even the 
waters and the sea abound in plants, results simply from the fact that the few materials 
subserving life are almost universally present in the necessary combinations. Or, we 
may say, plants are constructed from those chemical compounds which are present 
in quantity almost everywhere on the surface of the globe. Apart from oxygen, 
carbon dioxide and water, there are a small number of salts — potassium nitrate, potas- 
sium chloride, calcium and magnesium sulphates and phosphates, and compounds 
of iron — which, as we know, suffice for the nutrition of every plant, and which are, 
moreover, absolutely indispensable. These chemical compounds, however, are found 
together nearly everywhere, though mingled in the most various relative quantities : 
this influences the thriving* of the plant for good or ill, and therefore co-operates in 
determining its distribution. To mention only a few examples in this connection : 
there are certain species of plants which flourish in fresh water only, and others which 
do so only in sea water, A certain large number of land-plants grow only in the 
neighbourhood of the sea, or around, salt springs, or on the saline soil of dried-up 
seas in places abounding in common salt; which places, however, other plants 
avoid as unsuited to them. .The presence or absence of water at a given spot is 
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quite decisive as to the possibility of vegetation. The deserts of Asia and Africa owe 
their paucity of plants essentially to the drought prevailing there; since around 
every spring by chance occurring even in the desert, a luxuriant oasis of vegetation 
becomes developed, simply because all other nutritive materials are present in the 
sand of the desert and the water of the spring. Water also affects the whole 
organisation of the plant in a definite manner. That submerged and floating aquatic 
plants in general present a different aspect from land-plants, and are of a more delicate 
and simpler structure, strikes every observer at once. To lay stress on one p*oint 
only ; it is obvious that land-plants, the large green leaf-surfaces of which are 
extended in dry air for the purpose of producing vegetable substance under the 
influence of sunlight by assimilation, are necessitated not only to absorb the salts of 
the soil which co-operate in this process by means of roots, but also to transport 
them into the assimilating leaves. This takes place, however, by means of a current 
of water ascending from the roots through the steni and branches into the leaves; and 
this is maintained by means of the continuous evaporation from the leaves. This 
ascending current- of water now requires a special organ in which to move, and that is 
the woody body; it also requires a richly-developed system of roots to collect the small 
quantities of moisture of the soil, which contains but little water, and so forth. These 
arrangements, as is at once obvious, are superfluous in a submerged water-plant ; and, 
therefore, proper wood is wanting to it, and its roots are insignificant in comparison 
with those of a land-plant. It scarcely needs special mention that the most various 
intermediate forms exist in the connection referred to ; and these are still more 
various because nature generally can attain her object by very different means. 
Under conditions, for example, where the transpiration of leaves is too copious, forms 
appear without leaves, as the majority of the species of Cactus, and similarly formed 
Euphorbiacete and Stapelias ; or forms with thick succulent leaves like the Crassu- 
laceas, in wTich transpiration is likewise only very feeble, or, finally, woody shrubs 
with few and small leaves. But just the most interesting and instructive arrange- 
ments wTicli would here present themselves must be passed over for the time being, 
since they require too lengthy a description. 

Just as plants react towards cosmical and inorganic influences generally, so 
also they exist in a relation of dependence towards various other plants and animals. 
In this, again, they react in such a manner that the external shape of their bodies 
and their internal organisation become modified in the most various ways. This is 
evident in a very conspicuous manner in the life of parasitic plants. When they 
absorb the whole of their food from other plants, or occasionally even from animals, 
they themselves do not require leaves containing chlorophyll: they are, therefore, 
devoid of leaves, and accordingly, agreeing with what has already been said, the 
development of wood also is suppressed. The majority of parasites are massive 
bodies of tissue, abounding 1n parenchyma, and with little development of surface, 
the strange aspect of which usually strikes even the non-botanical observer, not to 
speak of the further abnormalities, particularly of the sexual organs,' which arise from 
parasitism. On the other hand, how^ever, even: plants which contain chlorophyll and 
are self-supporting. may not only be enfeebled , in vigour by parasitic plants, but also, 
altered in form. Of this, the Euphorbia infested with Fungi, as well as ihe so-called 
Witches’-brooms (branches of a Fir altered by, Fungi) offer well-known examples. 
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Gall-formations are also to be added here. By means of the stimulus exerted by 
insects during their development in the interior of the plant the growing parts of the 
plant may develop in monstrous forms, or bodies of very peculiar sharply defined 
form grow forth from them. In this connection the fact is of special interest 
that the quality of these galls on the same plant depends chiefly upon the specific 
peculiarity of the animal which produces the gall by its irritation. On our Oaks 
alone, more than a dozen different forms of galls are produced by different insects. 
Nevertheless, although very common, these phenomena are more isolated and 
incidental. The most remarkable and beautiful dependence of the highly-organised 
flowering plants upon insects makes itself evident in the mechanisms of flowers, 
discovered by Conrad Sprengel in 1794. Sprengel showed even then that all 
beautifully formed and coloured and odorous flowers, in all their relations of con- 
figuration, are adapted for being visited by insects of a certain form and size for 
the sake of their nectar; at the same time these animals transport the fertilising 
pollen from the anthers on to the stigmas of other flowers of the same kind. Since 
the development of seeds is only complete in these cases, the reproduction of these 
plants depends upon the visits of insects; as, again, on the other hand, the entire 
existence of the insects referred to is conditioned by the flowers of these plants. 

Even this small selection of examples will suffice to show bow the whole life of a 
plant — not only with respect to its origin, but also to its maintenance in the widest 
sense of the word — depends upon external influences of the most various kind. It would 
be incorrect to suppose, however, that the vegetable world as such, or any individual 
plant-form, can be called into life at any time whatever by these external causes. All 
that we have here considered are simply and solely reactions of vegetable substance 
already existing, towards external influences on the same. The mode in which these 
reactions are manifested depends, however, upon the nature of the given plant; 
and a further problem of physiology — and, indeed, the most difficult one of all — lies 
in the investigation of this innermost nature of the plant, by means of which it is 
rendered capable of these reactions. 
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THE MOLECULAR STRUCTURE OF PLANTS, AND ITS 
PHYSIOLOGICAL IMPORTANCE. 

The coarser structure of plants as perceived with the unaided eye in tiieir 
external form, as well as the structure visible with the microscope, have been 
treated of in previous lectures ; and, as occasion offered, reference has also been 
made to the fact that the explanation of the phenomena of life (that is physiological 
investigation) cannot be satisfied with the knowledge of this visible structure, 
but that we are obliged to form more definite conceptions of that structure which 
is no longer visible, and no longer perceivable even with the strongest powers 
of the microscope. The attempt may now be made, preparatory to what is to be 
said later, to bring forward here some of the most important and most general 
results of investigation in the latter direction. The problem is to draw conclusions 
from the phenomena evident to the senses, which give us definite information''as to 
the structural relations no longer perceivable by the senses. In such cases it is 
always advisable not to build conclusions on conclusions, and hypotheses on 
hypotheses ; but to dra\v, from safely established facts only, the conclusions which 
immediately follow. At the same time it will be w^ell, for the better guidance of 
those who are not quite at home in scientific matters, to go back somewhat further 
than may appear necessary. 

Not only physiological, but physical and chemical investigation also, were 
long ago driven to form certain conceptions with respect to the minute invisible 
structure of bodies, in order to obtain a more definite insight into natural processes. 
In chemistry this is done by the assumption of the existence of atoms — exceedingly 
small, indivisible masses of matter with which the chemical forces are associated. 
It is imagined that the chemical properties of an elementary substance such as 
Hydrogen, Oxygen, Potassium, Phosphorus, etc., are still existent even in atoms 
of these substances. Certain chemical phenomena, however, necessitate the as- 
sumption that two or more atoms of an element may come together into a closer 
combination, w^hich is distinguished as a molecule. Chemical combinations of 
different elements must always necessarily be composed of two or more atoms, 
and therefore always form molecules, ...A' molecule is, therefore, according to the 
view of- the chemist, the smallest conceivable mass of a chemical compound ; 
since, if the molecule were split up still further the chemical nature of the object 
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would necessarily be altered, because the combination of the atoms of different 
kinds would be loosened. Thus carbon dioxide consists of molecules, each of 
which is composed of one atom of Carbon and two atoms of Oxygen. In like 
manner water consists of molecules, each of which consists of two atoms of 
Hydrogen and one atom of Oxygen. The molecules of most other inorganic 
compounds are more complicated : the molecule of potassium nitrate, for example, 
consists of one atom of Potassium, one atom of Nitrogen, and three atoms of 
Oxygen. The composition of the organic chemical compounds produced by plants, 
however, are to be conceived as being much more complex. They all contain Carbon 
and Hydrogen, and generally Oxygen also, and the most important of all organic 
combinations— the proteid substances — contain Nitrogen and Sulphur in addition; 
and this in such a manner that in one molecule dozens, or even hundreds of atoms 
of the elements named are combined with one another. The body of the plant, 
then, consists chiefly of such polyatomic chemical combinations. The cellulose of 
the solid frame-w-ork of the plant, and the protoplasm and nuclear substance 
consist of molecules, each of which contains very numerous atoms of three,, four, 
or five elements. Even in the province of pure chemistry, however, it is necessary 
for the explanation of certain phenomena to assume that polyatomic molecules 
may come together among themselves into closer molecular unions; and that in 
this manner new chemical properties arise which do not belong to the individual 
molecules. 

With chemical processes in the narrower sense of the word are connected other 
natural phenomena, in which it is no longer merely a matter of chemical changes, 
but of movements in space of quite another kind. Here belong, on the one- hand, 
those movements of molecules which a dissolved or melted body exhibits on its 
solidification as a crystal of definite form, as well as those movements by which 
a crystal becomes again dissolved into its individual molecules, by a soluble medium 
or by melting ; and, on the other hand, the entrance of water into organised bodies, 
and the changes in volume effected thereby, as well as numerous other phenomena. 
We are here particularly concerned with these latter processes, belonging to the 
domain of molecular physics. For it appears that for the explanation of most 
processes of life, the assumption of atoms and chemical molecules no longer 
suffices, but that we are rather obliged to assume combinations of molecules which 
form very large numbers of small particles, or Micellae (Ncegeli), which are never 
visible with the microscope however, and the arrangement of wEich gives rise 
to certain very peculiar properties of organised bodies^. 


^ It is not necessary to go more closely here into the theory of the internal structure of 
organised bodies founded -by Na?geii. Only the following need be noticed. According to Naegeli 
a series of the most highly characteristic properties of organised bodies — i.e. of starch grains, celh 
walls, and crystalloids — may be explained by the assumption that the molecules in the sense of the 
chemist are united into larger unions, up to many thousands, and so constitute molecules of a higher 
order, or, as Neegeli more recently terms them, Micellse (particles). ‘ Organised substances,’ says 
ISVgeli (^Bot. Mittheil ungen’ in den Sitzimgsberichten der kgl, bayr. Akadeniie der Wissenschaften, 
1862, Marz, p. 203), ‘consist of crystalline, doubly-refracting molecules (Micellee), which lie near 
one another loosely, but arranged in a certain regular manner. In the moist state each of these 
(Micellee) is surrounded with an envelope of water in consequence of its powerful attraction: in the 
dry state they are in mutual contact,’ In my Experimental-Physiologie,’ 1865, p. 443, I first 
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Crystals are either soluble in water or not. In the latter case the water which 
is in contact with the crystal, in spite of the force of attraction which exists between 
both, is unable to tear off any molecules; and the construction of the insoluble 
crystal also prevents the entrance of water molecules into its interior. If the crystal 
is soluble in water, however (as a cube of common salt for instance), the attraction 
between the two substances results in molecules being torn off from the surflices 
of the crystal, and intercalated between the molecules of the water. 

By this means molecules of the salt lying deeper come into contact with 
the water, and suffer the same fate in it, until the whole crystal is dissolved into 
its molecules, which now move about within the mass of water ; and this movement 
continues until a completely uniform distribution of the salt molecules in the mass 
of water results. With the attainment of this condition of equilibrium, where every 
salt molecule is surrounded by exactly as many molecules of water as every other 
in the same solution, relative rest now occurs. If, instead of the common salt, a 
small portion of Iodine had been placed at the bottom of a large vessel filled with 
water, a watery solution of Iodine would have been formed in the same way; 
and the uniform distribution of the Iodine molecules in the water would be 
recognisable at once in its uniform colouration. This condition of equilibrium, 
however, we could at once bring into a condition of movement if we suspended 
in the upper part of the solution a bag filled with starch. The Iodine molecules 
coming immediately in contact with the starch, would then penetrate into the 
starch grains, affording opportunity to the more distant Iodine molecules also to 
move towards the starch ; and this process would continue until all the Iodine 
molecules, even the most distant ones, had travelled from the bottom of the vessel 
up to the bag of starch, and therefore in opposition to gravitation. 

Organised bodies — to which, so far as the plant is concerned, we may consider 
the cell-wall, the protoplasm and nucleus, starch-grains, and the so-called crystalloids 
to belong — behave tow^ards water quite differently from insoluble and soluble crystals. 
If a dry body of this kind is laid in water, its volume is increased more or less 
according to circumstances, and by this the consistence of the body is altered. 
Previously hard and brittle, it now becomes soft and flexible, A closer examination 
at once shows that the increase in volume which the body has undergone by 
swelling up in water, is almost equal to the volume of the ^vater which it has 
absorbed. If this so-called imbibed water is again withdrawn from the swollen body, 
by evaporation or by means of some medium which abstracts water, e. g. absolute 
alcohol, its volume again shrinks until it has reached the original size. Between 
the organised body capable of swelling and the water, there exists a mutual at- 
traction, just as between water and a soluble crystal. The great difference between 
the two, however, lies in that the molecules of the latter become separated from 
one another and distributed between the molecules of the water; in the swelling 
of an organised body, on the other hand, the water penetrates between its micellDe 
without these completely losing their connection. They only separate further from 


suggested that protoplasm also is an organised substance in Nsegeli’s sense : it had previously been 
regarded as a structureless slime or even as a fluid. This view established by me, that protoplasm 
is an organised body, is now generally accepted. 
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one another; or ratlier they become forcibly driven apart by the penetrating water. 
This process of swelling is thus something quite other than the entrance of water 
into a porous unorganised body, e. g. dry gypsum \ or into a heap of sand, etc. In 


^ Although the view of the structure of organised bodies and those capable of swelling cited 
in the previous note had been established and accepted by Neegeli, the view was nevertheless 
held tenaciously for a long lime, that the imbibition of xvater by such bodies could be referred 
to the laws of capillarity in narrow, hollow tubules. That the capillary theory is in no way 
capable of explaining particularly the movements of fluids in wood follows from Nsegeli and 
Schwendener’s considerations Das Mi kroskop' II Aufl. § 371), and indeed the more forcibly since 
these investigators i^roceeded from the view that it was self-evident that capillarity was concerned in 
the matter. I have in my work, * Uchcr die Do?'ositat des Plahes,' {‘ Arbeiten des bot. Inst, in Wurz- 
burg;’ -II. Bd., p. 305, 1879), and previously in a preliminary notice, expressed myself on the matter 
in question as follows: ‘This view, that imbibition is only a special case of capillarity, was first 
expressed by De Luc, and in fact because hygroscopic bodies after being completely saturated with 
water on being brought into alcohol apparently maintain their condition of imbibition. The fact is 
however incorrectly apprehended. If bodies capable of swelling and free from water, such as animal 
glue, coagulated dry proteid, dry stems of Laminaria^ &c., are placed in alcohol almost free from 
•water (98 they never swell up in it at all, and never increase in weight, or only very slightly. If 
they are placed dry in water they absorb very much of it, as is shown by weighing, and their volume 
increases to nearly the volume of the absorbed water. This increase in volume proves that the 
water does not penetrate into pre-formed cavities (capillaries), but that it drives asunder the mole- 
cules of the substance, and that to the extent of its own volume. If such a saturated body is again 
allowed to dry up it again assumes the previous volume, and the cavities which the water had 
produced and fdled disappear, the molecules again applying themselves to one another. Alcohol 
and thick glycerine are not able to diive asunder the molecules of dry bodies capable of swelling, 
and therefore do not penetrate Into them. Since, therefore, cavities in which water or glycerine or 
alcohol could penetrate forthwith do not exist in dry bodies of this kind, a comparison of these 
processes with the capillary entrance of fluids in large bodies can of course scarcely be spoken of. 

‘ When water, alcohol, or other fluids penetrate into bodies such as cast gypsum, chalk, or burnt 
clay, which in the dry state possess actual capillary cavities, they drive before them the air 
contained in the cavities, and this can be exhausted and measured ; when water, on the other hand, 
penetrates into a dry body capable of swelling, no air is driven out, simply because it penetrates 
into spaces which it first opens itself.’ 

If dry bodies capable of swelling, which do not absorb alcohol or glycerine, are first placed in 
water until they are completely swollen, and then brought into very strong alcohol or glycerine, the 
effect may be very different according to the nature of the body. Glue contracts energetically, since 
the imbibed water is withdrawn from it without an equal volume of alcohol or glycerine passing in. 
Lafninaria behaves quite otherwise : it contracts but little in 98 % alcohol, and, as is shown by 
weighing and delermitfing the volume, alcohol passes into the spaces left by the water. Here, 
however, the internal condition of the Laminaria is altered : in the watery state it was flexible and 
soft, in the alcohol it becomes hard and brittle. Even if the alcohol which has replaced the 
water is driven out by heat, the Laminaria no longer contracts to its previous volume in the drv 
state; it now contains evident capillary cavities filled with air, since it swims on water, while the 
dry Lamifiayia sinks at once. The alcohol is thus unable to drive asunder the molecules' 
of the cell- walls when dry ; if the water however has driven these apart, the alcohol penetrates 
into the cavities occupied by the water, because as it advances it makes the molecules of the cell- 
walls immovable and prevents * contraction. These experiments explain also why alcohol is so 
extremely serviceable as a medium for preserving and maintaining the form of plants : it takes the 
place of the water of the cell- walls, while it prevents the contraction of the molecules of the latter. 
If plants are laid in alcohol quite fresh they preserve their fresh appearance, if drooping portions 
are placed in it they maintain their drooping aspect. The protoplasm lying within the cell-walls 
so stiffened contracts on the other hand, since it becomes rigid in alcohol. 

The imbibition of the cell-wall may be better compared with the process of solution of a salt, 
than with the capillarity of porous bodies. Just as the water seizes upon the molecules of a crystal, 
and takes them between its own molecules in solution; so. the dry body capable of imbibition seizes 
upon the water molecules, and forces them between its own. Both processes require time. When 
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these cases the water penetrates into cavities— into small visible and invisible pores, 
previously filled with air which now becomes forcibly expelled by the water 
passing in : no pushing asunder of the solid parts occurs here, as is obvious from 
the fact that the volume of the porous body is not perceptibly enlarged by the 
penetrating water. 

The chief point in connection with the swelling of an organised body, and upon 
which stress is to be especially laid, is, as follows from the preceding remarks, that 
the water of imbibition by no means passes in through pre-formed cavities or pores ; 
but that it penetrates by forcing asunder the minute particles {nitcellce) of the 
swelling body, as is evident at once by the increase in volume. 'Organised bodies 
are therefore not porous in the ordinary sense of the word; and the penetration 
of water into them does not occur by capillarity, so-called. A second point of 
the greatest importance in the phenomena of the swelling of organised bodies, 
is with respect to the extraordinary force with which the water penetrates 
and drives asunder the solid particles. This may be recognised, for instance, in 
that dry wedges of wood driven into blocks of granite, and then moistened, expand 
with a force so great that the stone may be split. The impossibility of completely 
squeezing the water out of swollen vegetable cell- walls by pressure, however great, 
also shows with what immense force the molecules of water are held between those 
of the cell-wall, and gives a measure of the force with which they have penetrated into 
the dry membrane. We shall make use of these facts in the theory of the move- 
ment of water, and they will remove for us all those difficulties which have previously 
been felt. The further fact that bodies capable of imbibing, such as dry cell-walls and 
starch-grains, condense the aqueous vapour from the surrounding air to such an 
extent that they become entirely or almost entirely saturated with water, or swollen, 
may also be taken as evidence of the magnitude of the attractive forces between 
molecules of water and these organised bodies. These however are only incidental 

however the water molecules are at length distributed equally between those of the swelling body, 
they are there held as fast as the salt molecules distributed in the water of the solution. 

The water-molecules contained in a cell-wall in a state of imbibition evidently exert mutual 
pressure just as little as the salt-molecules in a solution : the imbibed water-molecules form a 
coherent mass of fluid just as little as the dissolved salt-molecules of a crystal do. Of course the 
case is otherwise in a porous capillary body. In such a body provided with pre-formed capillaries 
the height of the capillary column depends upon the weight of the continuous column of water, 
and this exerts a pressure on the walls according to its height. In an imbibing body the weight 
of the water does not come into consideration. It is therefore immaterial whether the imbibed 
water in the cell-walls of a tree is 20 or 100 metres high. 

The comparison of the imbibed water in a cell-wall or any other body capable of swelling and 
imbibing with the condition of the water of crystallisation is perhaps still more apparent: no one 
would assume that this is contained in capillary cavities of the crystal. The water of crystallisation 
is also present between the molecules of the salt in a form in which it can no longer be designated 
a fluid: it exists in a form which prevents the water molecules from exerting pressure on one 
another and obeying the laws of hydrostatics applicable to a capillary water column, however fine. 
Like the water of imbibition, the water of crystallisation also may be driven off by heat, at least in 
some cases; but of course the crystalline form is then destroyed. Fundamentally, however, some- 
thing of the same kind seems to take place; in the conducting cell-walls of the wood ; for their 
desiccation even at lower temperatures produces essential alterations in the imbibing properties, since 
air-dry wood loses the specific property of rapidly conducting the water of imbibition ; it may 
therefore be assumed that a permanent - alteration in the molecular structure of the cell- walls is 
effected by a certain degree of desiccation. 

"[3] ■ p; 
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phenomena. We obtain an idea of the enormous magnitude of the forces here 
coming into consideration only through knowledge of the fact that during the 
penetration of water into dry starch-grains^ a rise of temperature of several degrees 
centigrade takes place; for this fact can scarcely be otherwise explained than by 
assuming that the penetrating water is condensed, and a corresponding heating 
eifect follows. Since, however, a condensation of water by which a rise of 
temperature of only one degree is brought about requires a pressure of several 
hundred atmospheres, we arrive at the conclusion that the condensation of the 
water as it forces asunder the particles, of the imbibing body must be equivalent 
to a pressure of many hundred atmospheres. 

But organic bodies capable of swelling are able to absorb not merely pure 
water, but also aqueous solutions : here however peculiar phenomena make them- 
selves apparent. It depends entirely upon the nature of the atoms distributed in 
the water of the solution, on the one hand, and that of the swelling body on 
the other hand, how much of the former enters simultaneously with the 
water between the particles of the latter. In many cases a swelling cell-wall 
absorbs a larger quantity of water, but a smaller quantity of dissolved matter, 
from a somewhat concentrated salt solution, than corresponds with the concen- 
tration of the solution. It follows from certain phenomena which we will examine 
more closely later on, that living protoplasm absorbs only pure water from 
certain solutions, leaving the dissolved substances behind. In other cases, again, the 
swelling body absorbs a far larger quantity of the dissolved substances than accords 
with the percentage composition of the solution. This is particularly conspicuous 
with many colouring-matters, which may be so strongly absorbed, especially by 
bodies consisting of proteids, such as dead protoplasm and crystalloids, that these 
bodies become intensely and darkly coloured, even when the solution itself contains 
but little colouring matter and is very light-coloured. 

According to circumstances, the various phenomena of swelling shortly 
indicated here play a part in the vital phenomena of plants. The changes in 
volume which cell-membranes especially undergo by imbibition and desiccation, 
may cause various movements of dead masses of tissue or of individual 
cells. The dehiscence of dry capsular fruits, for the purpose of distributing 
their seeds, is in general brought about by the fact that, on the drying up 
of the pericarps, either their outer or inner sides lose relatively more of the 
water of imbibition, by which curvatures and even ruptures of particular parts 
of the pericarp are produced. In some cases these curvatures produced by 
unequal contraction and dilatation are, according to the structure of the organ, 
combined with spiral windings or with the rolling up and extension of band-like 


^ That heat is set free when water enters into organised, and to a smaller extent also when 
it passes into unorganised bodies, was, according to Pfeffer, first established by Ponillet. Jnngk and 
I observed the increase of temperature during imbibition by starch in 1865 (cp. ^ Lehrbuch der 
Botaniky 1868, p. 500). Naegeli (‘ T/ieorie der Gdhrung," 1879, p. 133) found that the increase 
of temperature when perfectly dry starch absorbed water, amounted to 11.6° C., both bodies before 
the combination being at the temperature of 22® C. Since now, according to Joule, water is heated 
0.03*^ C. by a pressure of 34.3 atmospheres, it follows that a rise of temperature of 11° must coiTe- 
•spond to a pressure of enormous magnitude. The water penetrating first into the starch grains 
undergoes the most considerable rise of temperature, and therefore the greatest compression* 
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parts. The pentamerous fruit of Erodium grumuffi, for example^ separates into 
five single parts, each enclosing a seed, and each of which is provided with a 
long awn which, on the drying up of the fruit, becomes twisted into a spiral at 
its lower end j if this organ is moistened the awn is extended quite straight, 
and the very energetic movements produced by alternate drying and wetting, 
together with various additional adaptations, lead finally to the result that the 
fruit bores into the, earth, to germinate there in the following spring. The 
awns of many grasses behave similarly. The so-called warping of wood on drying 
is also caused by the unequal changes of volume during the drying — i. e. the loss 
of the water of imbibition of the wood; •and in the same way many movements 
of the branches of trees during intense cold are to be referred to the same 
principle, since the solidification to ice of the imbibed water acts in the same 
way as desiccation, and, if it occurs unequally on different sides of a branch, 
must produce curvatures. 

The great force with which water penetrates into cells capable of swelling , 
will, as already mentioned, subsequently enable us to understand how the highest ^ 
trees are enabled to raise the large quantities of water transpired from their foliage, > 
from the roots through the stem into the leaves* A third fact also comes into 
consideration here : the fluid moving in the substance of the cell-walls as water 
of imbibition is not pure water, but a very dilute solution of those materials which 
the roots absorb from the soil, and on account of which (since they are necessary ■ 
for assimilation) the entire water-current towards the leaves is set in motion. The 
conveyance of substances produced in any cell whatever towards neighbouring cells 
can also only take place by the cell-walls, as well as the protoplasmic linings of 
the cells being able to absorb not merely pure water but also aqueous solutions. 
This process of the movement of substances from cell to cell requires, however, the 
consideration of a far more complicated phenomenon, depending upon the processes 
of solution and swelling hitherto described, and termed Diosjjiosis (Osmose). 

If a wide glass tube is closed at the lower end with an organic mem- 
brane, and a .quantity of salt solution is poured into the tube, which is then im- 
mersed in pure 'water, the latter penetrates the closing membrane as water of 
imbibition, is taken up by the molecules of salt of the solution in the tube, and 
serves for the dilution of this solution. If this process continues sufficiently 
long, a remarkable increase in the volume of the liquid in the interior of the glass 
tube takes place, and the fluid ascends in it, under certain circumstances, to 
a very considerable height: the cause of this movement lies in the attraction 
of the particles of salt for the water which permeates the closing membrane 
from below. This process, here described so simply, is designated Endosmosis 
(Endosmose). Under certain circumstances Exosmosis (Exosmose) also may occur. 

If the membrane closing the tube is capable of absorbing or imbibing the salt 
solution in the tube, the attraction of the external water causes a portion of the 
dissolved salt molecules which have penetrated into the membrane to diffuse out 
into the water, while at the same time a larger quantity of water molecules ascend 
through the membrane into the salt solution. : It depends however entirely upon the 
nature of the membrane and the dissolved salt, whether the latter can exude at all | 
* by exosmose. In the process of osmose therefore, there are two points of prominent I 
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interest— in the first place, the question whether a substance dissolved in water is 
able to pass through a given membrane ; and, secondly, the force with which the 
water on the one side and the dissolved substance on the other side of the 
membrane attract one another. It depends upon this, whether a given substance 
can pass from one cell into another in the living plant, and with w^hat force cells 
are enabled to take up water into themselves. If, for example, there arises by 
chemical decompositions, in any cell whatever, a combination of atoms which 
cannot diffuse out through the protoplasm and the cell-w-all into the neighbouring 
cells, this solution must accumulate in the cell in question, and even attain a 
high degree of concentration, without passing into the neighbouring cells ; on the 
other hand, chemical compounds which are contained in a cell-tissue may become 
accumulated to a large extent in any given cell, if they suffer a change of their 
condition of aggregation in the latter. If, for example, the sugar penetrating into a 
cell is used for the formation t)f starch- grains, fresh sugar is enabled to penetrate 
continually into this cell so long as this change takes place ; and, as we shall 
see later, the plant makes the most abundant use of this and similar processes. 
The distribution of the various chemical compounds in the tissues of plants, their 
travelling over wide distances, and their accumulation in definite organs, depend 
upon such processes; a point to which we shall return more in detail subsequently 
in the theory of nutrition. 

The use made of the force with which W’ater penetrates by endosmose 
into the cell is no less varied and general. The first phenomenon produced by 
this is the so-called turgescence of the cell S* which how^ever can take place 
only in living cells still provided with protoplasm. We have to picture such a 
cell as a double-walled vesicle, closed on all sides: the external wall consists of 
cellulose, the internal or second wall, closely applied to it, consists of protoplasm, 
and the enclosed cavity is filled with solutions of salts (the cell-sap). Let us suppose 
the simplest case, and that such a cell lies in water. The water of imbibition 
contained in the walls is taken up by the salt-molecules contained in the cell-sap, 
and an equal quantity penetrates into the two peripheral layers from the exterior. 
If this process continues for a long time, a large quantity of water gradually 
penetrates into the interior of the cell; and this is rendered possible only by the 
double wall becoming distended to a corresponding extent. When this distension 
finally ceases, the wall opposing it, no further flow of water inwards can take 
place. The cell is now in the state of turgescence — i. e. the walls are distended 
by the water which has forcibly penetrated into the cell, and since they strive 
to contract elastically, they exert a pressure on the internal fluid. The main 
point to be noticed here, is that the force by which the wall is pressed outwards 
arises from the attracting force of the salts dissolved in the cell- sap towards the 
water surrounding the cell ; and the opposite pressure, which prevents the further 
penetration of water, is afforded by the elasticity and cohesion of the cell-wall 
In this, moreover, another fact is to be especially observed. The cellulose 
wall, as is known from numerous observations, is, it is true, but slightly extensible 

^ Further particulars as to the turgescence of cells and its significance in growth as well as in 
irritable movements will be given later. 
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and very elastic, and is thus in so far suited to withstand the endosmotic pressure 
acting from within; but this property of the cellulose wall would not by itself 
allow turgescence of the cell to be set up, since the cellulose permits filtration to a 
very great extent— i. e. the cell-sap. pressing from within would be again forced 
out through the cellulose wall, even with very feeble pressure, and consequently 
no observable turgescence could arise in this way. As a matter of fact, also, it 
is shown that all cells merely enveloped with a cellulose wall (e.g. wood cells) 
are incapable of becoming turgescent Only those cells in which a protoplasmic 
utricle is deposited all around the inner surface of the cellulose wall are capable 
of becoming turgescent. The protoplasmic membrane in fact permits the entrance 
of the water absorbed by endosmose into the sap-cavity, but it is in a high degree 
resistent against the pressure of filtration which arises from the increase of the 
volume of the saph To this pressure the protoplasmic membrane of the cell 
is impermeable, and thus completes the necessaiy properties of the cell-wall, 
in such a manner that the water which has penetrated by endosmose cannot be 
again pressed out. Or, in other words, the cellulose wall as well as the proto- 
plasmic membrane permit the entrance of the water absorbed by endosmose into 
the sap-cavity of the cell, which in consequence of this tends to enlarge ; the 
protoplasmic membrane prevents the water filtering out again in consequence of 
this pressure, while the external cellulose membrane forms a solid, elastic support, 
to which the protoplasmic membrane becomes appressedby the endosmotic pressure. 
It depends upon the extensibility and elasticity of the cellulose membrane how 
far the volume of the cell-sap can be increased ; for the protoplasmic membrane 
itself is in a very high degree extensible and but slightly elastic, and if the sap-cavity 
were surrounded only by it the vesicle would extend without resistance, in con- 
sequence of the increase in volume by endosmose. The properties of the 
protoplasmic membrane and the cellulose membrane thus supplement one another 
in offering resistance to the endosmotic pressure of the cell-sap. That this is 
actually the case is proved by the behaviour of a turgescent cell when, by 
evaporation or by exosmose, a portion of the water of its cell-sap is withdrawn®. 
If, for instance, turgescent cells are placed in a highly concentrated but otherwise 
uninjurious salt solution — e. g, potassium nitrate — a considerable quantity of the 
water of its cell-sap is withdrawn from the cell by the attraction of the salt; in 
consequence of this the protoplasmic membrane becomes very strongly contracted, 
in proportion to the decrease in volume of the cell-sap. The cellulose membrane 
on the other hand is only slightly contracted, because it was only slightly extended- 
Bpth membrames thus become separated from one another; and the protoplasmic 
membrane lies as a closed utricle free in the cavity of the slightly contracted 
cellulose membrane. If such a cell is again placed in pure water, the latter is 
attracted by the salts of the cell-sap and penetrates both membranes, the proto- 

^ With, respect to the co-operation of the protopiasnci in the turgescence of cells, cp. my Lehr- 
buck der Botanik^ IV Aiifl, 1874, p. 866 . . ' 

^ The relations between tiirgescence,.the protoplasm, and the cell-wall, established by Naegeli, 
Pfeffer, and myself, were first clearly explained by Hugo de Vries in his ‘ Unter sue hungen iiber die 
mechanischen Ursache7% der Zellstreckunf (Leipsic, 1877), a publication which may be recommended 
in the highest terms to those commencing the study of vegetable physiology. 



LECTURE Xm, 


214 

plasmic utricle becomes extended, applies itself in the first place close to the 
cellulose wall, and as the endosmose proceeds further the latter also becomes 
distended again to a certain extent, until its elasticity opposes further extension, 
and the cell is now again turgescent. The cellulose wall may in this sense be 
compared with a very firm but large meshed wire net, the protoplasmic membrane 
on the contrary with a very extensible but exceedingly fine, and therefore scarcely 
permeable, net. 

The turgescence of a vegetable cell may be imitated in its most general 
features by an artificial apparatus. If a pig’s bladder is fastened on to one end 
of a short wide glass tube, and the tube is then completely filled with a solution 
of salt or sugar, and the second opening also closed with bladder, a sort of 



Fig. 189.-1. Youngf, Iialf-grown cell from the cortical parenchyma of tlie peduncle of 
Cephalaria lencantha. 2. The same cell in a 4% solution of potassium nitrate, 3. The 
same cell in a 6®/.} solution. 4, The same cell in a ioo/„ solution, i and 4 after nature ; 

2 and 3 diagrammatic. All in optical longitudinal section, k cell-wall; / protoplasmic 
lining of the wall ; k cell nucleus ; c chlorophyll grains ; s cell-sap ; e penetrated salt solution 
(De Vries). 

artificial cell results. If this is placed in a quantity of pure water, the latter 
penetrates by endosmose into the cell, and the increase in volume causes the two 
distended membranes to project externally like hemispheres, and at the same time 
strongly resists pressure with the finger, like a solid body. If a prick is made with a 
fine needle in one of the two membranes, the liquid spurts up to a considerable height, 
the membranes at the same time collapsing elastically. Flere also it is evidently 
the attraction of the dissolved substance for the water of imbibition of the membrane, 
which supplies the force by which the two membranes are so forcibly distended, 
and the turgescent condition produced. The difference consists only in that here, 
there are not two different membranes which oppose the pressure of the penetrated 
water, as in the vegetable cell, but that one and the same membrane — L e. the 
pig’s bladder — allows the entrance of the endosmotic current on the one hand, 
and, on the other, is at the same time elastic and resistant to filtration ; while in 
the living vegetable cell the two latter properties are distributed between the cellulose 
membrane and the protoplasmic sac. The so-called precipitation membranes also 
behave similarly, though their resemblance to living vegetable cells has been to 
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a great extent exaggerated^ If, for instance, a drop of concentrated solution of 
chloride of copper is placed in a vessel filled with yellow prussiate of potash, a closed 
precipitation membrane of ferrocyanide of copper is instantaneously produced on 
the contact of the two fluids : there thus arises a cell-like structure, and, since the 
precipitation membrane is permeable to the water of the surrounding solution, this 
penetrates into the cell, attracted by the chloride of copper in the interior. The 
increase in volume effects a corresponding pressure on the very thin precipitation 
membrane, which, since it is not extensible, bursts after a time ; it is, however, at 
once completed again to a closed membrane, since the two salts come in contact 
for a moment at the gaping fissure, and at once produce a new precipitation 
membrane. In this way such a cell may gradually grow considerably. Somewhat 
greater is the similarity of the growth of a precipitation membrane of gelatine 
tannate, formed when a drop of non-gelatinising solution of glue is placed in a 
solution of tannin. Such a cell grows more uniformly and without the violent 
eruptions referred to above. How far this growth may be compared with that 
of a living vegetable cell, even with reference to the molecular processes in the 
membrane, depends, however, upon our knowledge of the growth of true vegetable 
cells. Here we have only to do with turgescence, and it is obvious from what 
has been said that in these artificial cells the turgescence depends upon properties of 
the membrane other than in the natural ones. 

The capability of becoming turgescent is one of the most important properties 
of the vegetable cell, since a long series of vital phenomena depend entirely or in 
part upon it. In the first place, the fact is to be insisted upon, that growth and the 
increase in circumference generally of living vegetable cells only take place when 
they are turgescent, a point to which I shall return later in the theory of growth. 
The opposite of the turgescent condition of a vegetable organ is that of drooping. 
Every one knows that cut-off leaves or branches, if not placed with the cut surface 
in water, soon become flaccid ; the shoot-axes, previously stiff and brittle, become 
highly flexible, and are no longer able to support the weight of the leaves, which 
have likewise become flaccid — the parts sink down: they droop. If the whole 
was previously weighed in the fresh state, it may be easily demonstrated that the 
drooping shoot has become lighter : it has given off water by evaporation, and it is 
simply this loss of water, by which the turgescence of the cells has become 
diminished, which causes the drooping, since if the shoot is allowed to take up 
water (which of course does not always succeed to a sufficient extent), the drooping 
condition disappears, and the young shoot-axes and leaves again become tense and 
rigid, because the cells again become turgescent With the consideration of this 
phenomenon we come to the important question, upon what does the stiffness and 
elastic rigidity of the succulent parts of plants depend? a question which here 
requires still closer consideration. 

^ Traiibe, the discoverer of the so-called precipitation membranes and the artihcial cells con- 
sisting of them, studied the properties of the latter, and thereby added to our knowledge of the 
processes of diffusion, upon which I wrote critically in detail and on the basis of my own researches 
in my ^Lehrbtich der Botanik* III Aufl,, 1873. Traube’s unfounded claims to priority as the 
founder of the theory of growth by intussusception, and the astonishing confusion of his artificial 
precipitation cells with actual vegetable cells, I replied to in 1S78 in the *Bot, Zeitung,’ p. 308 
C Znr Geschichte der mechanise Imi Theone ^es WaiFsthnms der organucJien Zelkft^). 
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If a large ieaf-stalk from a Rhubarb plant, for instance, or a Heraclewn, &c., 
or even a portion of the growing flowering stem of these plants, is cut off, an 
excellent object is to hand for making clear the question here brought forward. Let 
us suppose the object cut off square above and belov^ and its length to be about 
50 cm. If now a strip of the epidermal tissue together with the collenchyma layers 
which strengthen it are removed completely, and the attempt is then carefully made 
to lay this collection of tissues again in its place, it is observed that the epidermal 
strip is too short: it has become elastically contracted during the separation, and 
thus, ill the natural condition of the object, had been passively extended. If the whole 
epidermis is now removed all round, and the length of the very succulent cylinder 
(which consists chiefly of parenchyma and very extensible vascular bundles which 
scarcely come into consideration here) is measured, it is found to have increased 
very considerably in length during the manipulation h Not rarely, such a cylinder 
becomes extended from 50 cm. to 53 or 55 cm., or even more. In the natural 
condition, where the epidermis enveloped the succulent cylinder of tissue, the latter 
was thus passively contracted, and had a tendency to become extended ; it was 
prevented from so doing, however, by the elasticity of the epidermis and collen- 
chyma. There existed, therefore, in the natural condition of the whole, a mutual 
tension between the epidermal tissue and the succulent fundamental tissue; the 
latter behaved to a certain extent like the contents of a turgescent cell, which 
distend the membrane. But of course it is not to be supposed that in the passive 
compression of the tissue, it depended upon the compression of the water con- 
tained in it, since this is, as regards forces coming into consideration here, simply to 
be regarded as not compressible. The lengthening of the peeled cylinder of tissue 
depends rather, as we shall see later, on a sudden alteration in the form of its cells — 
they become longer and narrower. Nevertheless, the comparison is apt in other 
respects, since it can be shown that in the natural objects also a transverse tension 
exists, of such a kind that the inner tissue exerts a pressure on the surrounding 
epidermal tissue in the transverse direction also. Moreover, this condition of 
so-called tissue-tensions is only found when the objects named are abundantly 
supplied with water: if they had previously been allowed to droop through loss of 
w^ter, the separation of the masses of tissue would only give inconsiderable dif- 
ferences in length between the epidermis and the internal body of tissue, or even 
none at all. 

We must now, however, regard yet another point in our simple experiment. 
The leaf-stalk or portion of stem in the fresh state, or at any rate after having 
been previously submerged for some hours in water, was tense and stiff : it 
possessed considerable elasticity and rigidity. The removed strips of epidermis, 

^ The alterations in dimension taking place on the separation of tissues from one another were 
first scientifically established by Briicke in 1848 in his ^ Untersuchujig die Bewegung der 
Mimosen ’ on the motile organs of the latter. In my investigation, * Uber das Bewegungsorgan und 
die periodischen Bewegimgen der Blatter von Phaseolus und Oxalis'" (Bot. Zeitung, 1S57), I treated 
of the same phenomenon. The views on the tensions of tissues -were later, however, led in a wrong 
direction by various publications of Hofmeister, since he chiefly observed the cell-walls only, and 
did not pay sufficient attention to the pressure between the cell-sap and the wall. I then (in my 
* Lehrbuch der Botanik^ especially in the III and IV editions) again brought the theory of the 
tensions of tissues, as a consequence of the turgescence of cells, into the direction j^revioiisly pumiied. 
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however, are limp as damp paper : the uncovered inner succulent body of tissue 
is now likewise highly flexible; it is quite impossible, for example, to hold it 
suspended horizontally, since it at once bends limp downwards. We have here 
then the case of an elastic, solid, stiff body consisting of two parts, each in a high 
degree flexible and by no means stiff: only in their natural connection do the 
epidermal and internal tissues together form an elastic and rigid body ; and in fact it 
is the mutual tension, and the circumstance that the inner tissue is strictly too large 
for the extensible epidermis (or, conversely, the epidermis too small for the former), 
which brings about the rigidity of the whole. The same is also the case, however, 
with a turgescent cell. Its membrane taken by itself is flaccid, and of course we 
cannot speak of solidity in connection with the fluid contents; nevertheless a tiir- 
gescent cell is as elastic as a billiard bail. We have the same condition of affairs also 
in a thin-walled caoutchouc balloon, which, when empty, is a limp wrinkled sac, but 
which maybe converted into a firm elastic sphere by being strongly inflated with air: 
the solidity of this again depends simply upon the mutual pressure of contents and 
skin. If we suppose some hundreds of thousands of small caoutchouc balloons 
thus inflated with air, and all contained together in an extensible caoutchouc vesicle, 
the latter, together with its contents, would also form a rigid bar like the stem of a 
plant. If we suppose the small caoutchouc balloons not inflated with air, but filled 
tense with water, the same effect results ; and it is somewhat in this manner that we 
have to imagine the rigidity of a petiole or stem produced by the turgescence of 
the cells. It is at once clear that if the small balloons in the supposed system lose 
a part of their turgescence by the withdrawal of water, and each thence becomes 
somewhat smaller, that the tension of these cellular contents towards the enveloping 
caoutchouc vesicle also diminishes ; the latter would then become shorter, and the 
rigid system must at the same time relax. We must picture somewhat in this way 
the drooping of a cut-off shoot w^hen it loses water by evaporation. 

The rigidity of succulent shoot-axes and leaves, especially those which are 
still growing in length, depends essentially upon this condition of the layers 
of tissue, brought about by turgescence and tissue-tensions; the same is true 
of the. peculiar firmness of succulent fruits, tubers, bulbs, and roots, w-hich all 
become limp and soft, or as one generally expresses it, shrivel, by the loss of water. 
The upright position of the young flowering stalks which numerous plants put forth 
in the spring, and the rigidity of young shoot-axes and the leaves of trees in the 
spring, are due simply and entirely to the state of things described. 

If we further suppose that in a stem, petiole or root so conditioned, a loss 
of water takes place by evaporation from the turgescent cells only on one side of 
the longitudinal axis, the object must become shortened a little on this side, and the 
necessary consequence is that it becomes bent or curved, since the shortened side 
becomes concave. In like manner the increase of turgescence and extension of the 
cells on one side of the longitudinal axis , would cause this side to become convex. 
The latter fact may be elegantly demonstrated on the roots, 10-15 cm. long, of the 
seedling of the Bean, Maize, Gourd, &c. If these are allowed to dry up for a few 
minutes in the air, they become shortened a little , through slight drooping, and if the 
roots are then dexterously laid on the surface of water, so that only the under side 
of the root is moistened, the cells of this side at once absorb water, and become 
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larger and longer; the consequence is that since a long stretch of the root 
becomes curved and convex on the under side^ the free apex of the root rises 
high above the level of the water. This movement takes place so rapidly that it can 
be conveniently followed with the eye. 

A long series of induced movements, with which we shall become familiar more 
in detail subsequently and among which those of the leaves of Mimosa are best 
known, are similarly effected by alterations in the turgescence of one side; only these 
alterations are not caused by evaporation of the water of the cell-sap. These sensitive 
phenomena depend upon the remarkable fact that, by simple contact or shaking, 
the protoplasm of the irritable cells suddenly loses the resistance to filtration which 
is necessary for turgescence, so that a portion of the cell-sap is driven through the 
cell- walls of the sensitive organ into neighbouring parts, while the walls, which 
were previously distended elastically, contract, and thus bring about a shortening of 
the one side of the sensitive organ, in consequence of which the latter becomes 
curved concave on this side. 

We have already seen that the rigidity of succulent stems and petioles during 
growth in length, and often also for some time after its conclusion, is caused by 
the tension of the tissues, depending on the turgescence of the parenchymatous 
tissue and the opposite pressure of the epidermis often strengthened by collenchyma. 
The rigidity of the older portions of plants which are traversed by woody 
sclerenchyma strands, and which no longer grow in length, are produced in 
another way, however. That a tree stem, or a woody branch, or even an older 
lignified flowering stalk of a shrub, or the haulm of a grass, is rigid and elavStic, 
depends on quite other causes. In these cases, where lignified masses of tissue 
are always present in the organ, it is these alone, or with the co-operation of tissue 
tensions also, which determine the rigidity of the organ. As is well known, a thin, 
woody Willow twig stripped of its cortex is firm and elastic, and thin rods cut out of 
the wood of the stem are likewise extremely rigid; and even very thin slips 
of wood possess this property in a high degree. Here the rigidity by no means 
depends upon the mutual tensions of layers which are themselves limp ; but upon 
the fact that the woody tissue is itself rigid, hard, and elastic, much as a metallic 
rod or a crystal. In addition to the remarkable power of rapidly conducting the 
water absorbed by imbibition in the substance of the cell-^vall, the lignified cells 
have the office in the vegetable world of enhancing the rigidity of the organs. 
■without the intervention of tissue tensions; and the enormous density of the shell 
of a Cocoa-nut, or of a Cherry-stone, shows how great may be the solidity of lignified 
cells under certain circumstances. In these examples, however, it is rather the bulky 
accumulation of the solid materials which brings about the solidity of the body in 
question. In the construction of their flower stems and leaf stalks, on the other 
hand, only a relatively small quantity of lignified masses of tissue comes into use in 
the form of very thin strands or layers; these, how^ever, are so distributed accord- 
ing to mechanical principles in the organs, that they nevertheless produce a high 

^ The upward curvature of partially drooping radicles laid horizontally on a surface of water 
here referred to was first observed by Ciesielski, but was regarded as a phenomenon of growth. 1 
gave the correct explanation in the ‘ Arbeiten des bot. Inst, in Wurzburg,' B. I, pp. 395-401. 
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degree of rigidity. We find particularly exquisite examples of this in the 
haulms of Grasses, and in the extraordinarily long scapes of many Rushes and 
Sedges, &c. {Juncus, Scirpus, Cyperus), These organs form columns, which, though 
one, two, or even three metres high, only possess a diameter of a few millimetres. 
In spite of-their exceedingly slender form, they are very rigid: under the 
pressure of the wind they may be bent down into a semicircle, and in spite of 
being weighted at the apex with fruits and leaves, nevertheless spring up again like 
elastic steel wire. Examination shows, however, that these slender columns are 
either hollow, as the haulms of the Grasses, where the wall of the hollow cylinder is 
often only of the thickness of ordinary paper ; or the interior of the columnar organ 
consists principally of very loose pith. At the circumference of the cylinder, ho^vever, 
either quite close beneath the epidermis, or on the outer and inner sides of the slender 
vascular bundles, which are arranged ii 
cords of strongly lignified elastic 
fibres, upon which alone . the 
rigidity of such organs depends. 

These lignified strands of fibre are 
scarcely at all extensible, and their 
elasticity may be not inaptly com- 
pared to that of wrought iron. As 
in the artificial construction of a 
thin hollow column, so Nature distri- 
butes these firm layers and strands 
chiefly at the circumference of the 
organs, because there their essen- 
tial properties are at the greatest 
advantage. If the haulm of a 
Grass or the scape of a Rush, 
or any other similarly constructed 
cylindrical organ is bent, the elastic 
layers and strands on the convex side 
must be thereby slightly elongated, 
and those of the concave side slightly 
compressed ; since they possess a high degree of elasticity, however, they forcibly 
assume their natural length again when the external pressure ceases, and straighten 
the cylindrical organ. Schwendener who has closely investigated the relations 

^ The significance of the strings and layers of lignified sclerenchymatous cells which accompany 
the vascular bundles or which run without these beneath the epidermis or in the parenchymatous 
tissue, as conducing to the rigidity of stems and leaves, especially in the Monocotyledons, 
was fii'st correctly recognised and established by Schwenclener in his book * Das mcchamsche 
Princip in anatomischen Bau der Monocotylen'^ (Leipsic, 1874). That Schwendener sought to 
introduce these forms of tissue into science as * bast ^ was however a mistake. The supporting ring in 
the flowering scape of the species of Alliunt for instance consists of parenchymatous fundamental 
tissue, the cells of which are only narrower, thicker- walled, and strongly lignified. I also find that 
Schwendener laid too little stress upon the fact that the rigidity of stems actively growing in 
length must depend on quite another principle, since in these the strings and layers in question are 
not yet lignified and consequently are very extensible. Schwendener’s researches essentially account 
only for the rigidity of fully developed intemodes and leaves. 


a circle on the transverse section, run thin 



Fig. 190.— Transverse section of the flowering scape of Allium 
SchoeHoprasuvt. sr the cylinder of supporting tissue, consisting of 
lignified fundamental tissue. 
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of construction of shoot-axes and leaves here referred to, showed how the distri- 
bution of the elastic strands and layers strictlj accords with the principles of 
theoretical mechanics. That the mechanical elements eifective in the construction 


of thin stems also find their use in the construction of leaves, is easily intelligible ; 
in this, however, it is a matter not merely of the elasticity and rigidity which 
determine their free suspension in the air, but also of that kind of solidity which 
prevents the tearing from the margin inwards. It has already been explained in a 
previous lecture (IV), with a series of examples, how foliage leaves are protected 
against such injury by the mode of distribution of the ribs and veins. 

After what has been said, it scarcely requires special mention that the kind of 
rigidity last described, since it depends on the subsequent lignification of the elastic 
fibres, only comes into play in the older stems and in leaves which are already fully 
grown; whereas the kind of rigidity previously described, and effected by the tiirges- 
cence and tensions of the tissue, serves the organs which are still elongating, or which 
at any rate are not provided with lignified parts. For the sake of completeness I may 

add at the same time that young shdot- 
axes and leaf-stalks in an earlier stage of 
their growth in length, exhibit yet a third 
V I \ of rigidity : this depends also, it is 

true, on turgescence, but is characteristic 
walls of the turgescent cells are 
more extensible and less elastic than in 
1 ^ 5 / stages of growth. The portions of the 

\§/ Q/ shoot-axes, some 1 0--20 cm. long, under 

j^/ the terminal buds ol Clematis ^ixid Aristo- 

^ lochia^ and under the young flowering spike 

fig. X9t.-Transvevse section of a petiole of of Plantago uajor, &c., are iu this condition 

The lamellte of tissue at the periphery together form an elastic hio-hlv extensible A lonf^itudinal null actq 
system: between these are stretched soft parenchymatous CAtCllblUlC. Jn. luiis^liuuiiicu puii 

plates, in which run thin vascular bundles. tlicse orgEiis as OH a thill thread of CaOLlt- 

chouc, and they are so flexible, like such 
a thread, that they can literally be wound round the finger. Stretching, and strong 
bending at the same time, however, make them limp, and effect a diminution of 
the rigidity : this is brought about by the fact that the limits of elasticity of the 
still very thin cell walls are easily exceeded by the stretching. On this peculiarity, by 
w^hich the young filiform structures obtain the consistence of a leaden wire, or perhaps 
of a wax thread, depends an easily observed phenomenon, w^hich Hofmeister errone- 
ously explained as a phenomenon of sensitiveness ^ If shoots with long, slender, still 
growing apical portions are shaken, it is remarked that after the shaking they hang 
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down limp, to become upright again, in consequence of further growth, only after some 
time. I showed several years ago that the apparently irritable curvature of young shoot- 
axes is nothing more than an effect of their great extensibility, in combination with 
very small elasticity, and that one cannot here speak of sensitive effects. That such 

^ The bending down of the growing apices of shoots, caused by shakings or blows, was first 
closely investigated by Hofmeister, but erroneously regarded as a phenomenon of irritability, 
I gave the true explanation of this phenomenon from the great flexibility and feeble elasticity of 
growing shoot-axes in the third edition of my ^Text-book,’ 1873. 
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young shool-axes, and likewise younger portions of root-fibres do, as a matter of 
fact, so behave, is most easily observed thus : it is possible to give to them with the 
finger almost any chosen curvature, which they then maintain for a long time, until 
further changes take place through growth. The shaking of the objects, employed 
by Hofmeister, may be better replaced by several blows given with a rod, applied 
on one side of the older lower portions of the shoot. The free apex is thus made 
to vibrate violently, and the apex in part maintains the strong curvature, so 
that on coming to rest it hangs down. It is obvious that the powerful vibrations 
given to slender flower stems by the wind in spring must call forth similar pheno- 
mena; and upon this depends, at least in part, the unpleasant aspect of a garden 
in a strong wind. 
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LECTURE XIV, 


THE ASCENT OF WATER IN TRANSPIRING LAND-PLANTS. 

Plants require water for the" growth of the younger organs^ the cells of 
which must be rendered turgid by endosmose. At the same time the water 
taken up serves for the production of chemical compounds in nutrition; and 
if the surfaces of the shoot are in contact with the atmosphere, a part of the 
absorbed water is exhaled in the form of vapour — a loss which must be again 
made good by a fresh supply of water, if complete drying up is to be avoided. 
It depends essentially upon the nature of a plant and its mode of life how the taking 
up and giving off of the water are accomplished. It is in the first place obvious that 
these matters will be otherwise in plants submerged in w^ater, or in subterranean 
plants, than in those which expose large evaporating surfaces in the air ; and in 
these again it is important whether they are small and can endure* an occasional 
desiccation, as most Mosses and Lichens, or whether we have to do with larger 
and more highly organised plants, the root-system of which extends in the moist 
earth, and the assimilating foliage of which unfolds in the open air, and cannot 
endure severe drying up. In the latter circumstances are found especially the erect 
or climbing Ferns, Conifers, and Flowering plants. On account of the great variety 
of facts which here present themselves, it is advantageous to commence our con- 
siderations on a typical case w^hich allows us to recognise the important points 
clearly on all sides. Let us picture to ourselves for this purpose a tree, or even an 
annual plant, the stem of which stands erect and unfolds its crown of foliage to 
the air/i.e. plants of the common form, as met with in the Tobacco, Sun-flower, 
ordinary Palms, Firs and Pines, Poplars, Oaks, or other forest trees. 

When in such plants the buds at the apex are to put forth shoots and unfold, 
they require for the purpose a quantity of water which is nearly as large as the 
organs themselves which are to be developed ; since the latter, in the fresh, fully 
grown condition, consist of water to the extent of about nine-tenths or more of 
their volume. This water, however, is absorbed far below, by the roots in the 
earth, and must thus be conveyed to the growing shoots through the stem. As 
soon as the leaves of the latter are unfoldedj moreover, they constantly give off 
aqueous vapour to the atmosphere; and, >s may easily be observed on cut-off 
shoots, they would completely dry up in a few days if water were not constantly 
conveyed to them through the stern from the roots. Experience shows now that 
in land-plants with large and thin leaves, the volume of water made use of for 
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the purpose last named, in one period of vegetation, may be* many times larger 
than the volume of the whole plant itself. We have thus to do here with an 
exceedingly energetic function; and, disregarding for the time being all other 
movements of water in the plant, we will concern ourselves in the first place 
exclusively with the phenomenon last indicated, which is called into play by 
the evaporation of water at the surfaces of the leaves, and which we may 
best distinguish as the ascent of water in transpiring land-plants. When the 
phenomena which here take place and co-operate have been made clear, it 
will be easy to understand deductively the movements of water in other plants 
also. 

In the first place it will be advantageous to point out the purpose for which the 
flow of water is brought about by the transpiration of the leaves. The green leaves 
containing chlorophyll are, as has been already mentioned several times, the organs 
of assimilation of the plant ; and it is in their cells that the carbon dioxide of the air 
is decomposed, and employed for the production of carbonaceous vegetable substance. 
Water also is necessary for the formation of this substance ; and It is known, and will 
be shown in detail later on, that a series of salts which the roots take up from the 
earth are absolutely necessary in addition, if the process of assimilation in the cells 
containing chlorophyll is to take place. These salts (especially sulphates and 
phosphates of calcium and magnesium, potassium nitrate, and salts of iron) must 
therefore be .conveyed to the green leaves for the purpose of producing organic sub- 
stance. This is accomplished as follows : an exceedingly dilute solution of these salts, 
which may be^ compared at once to ordinary drinking water, flows from the roots 
through the stem into the leaves. Considering the small amount of salts contained in 
the ascending water, however, only an extremely small quantity of the nutritive sub- 
stances would be conveyed into the assimilating cells if the matter ended with the 
mere flowing in. The assimilating leaves, however, are induced by the warmth 
of the surrounding air, and especially by the rays of light, to let the water which 
has streamed into them escape in the form of vapour; this enables a fresh 
quantity of water charged with nutritive matter to flow up to them from the 
roots. Thus, by means of evaporation or transpiration, a continuous flow into the 
organs of assimilation is rendered possible: as the water evaporates from these 
organs, the salts brought by it from the soil remain behind in the assimilating leaf-cells, 
and take part in the chemical processes of nutrition. This obvious explanation of the 
ascent of the water, so far as it is caused by transpiration, has hitherto been almost 
entirely misunderstood in a remarkable manner ; and short-sighted people have even 
maintained that the transpiration of land-plants is a faulty arrangement, which has to 
be compensated by means of the currents of water. As a matter of fact, however, 
the whole organisation of a land-plant is only intelligible if one keeps in view the 
purpose of the \vater current indicated. The envelopment of the stem with an 
epidermis w'hich possesses few stomata and hinders evaporation, or, in woody 
plants, even wnth a thick periderm, and in large trees with bark, has essentially the 
object of protecting the nutritive water ascending in the stem against evaporation. 
The small thickness and large area of the leaves, combined with the existence of 
the stomata which pierce the epidermis in millions, and which may be closed or 
open according to circumstances, are likewise only intelligible when it is known 
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that they facilitate and regulate the formation of vapour, in order to render 
possible the inflow of fresh nutritive water to the organs of assimilation according 
to requirement. Where this is not necessary, as in submerged water-plants, the 
arrangements mentioned are also wanting; and in land-plants which possess a large 
transpiring surface, and are therefore devoid of a large assimilating surface, as 
in species of Cad^^s and Crassulacese, nutrition and accordingly growth also 
are relatively feeble. When it has been sought, very thoughtlessly, to lay stress 
upon the fact that land-plants assimilate and grow even in an atmosphere 
saturated with vapour, where transpiration from the assimilating surfaces is not 
possible, it has been overlooked that in such cases it is a matter of an extremely 
feeble assimilation only, and accordingly also of a very small supply of nutritive 
water to the leaves, — a supply so small that, as can be demonstrated, it is main- 
tained without transpiration-currents. Moreover, there is the fundamental error 
of assuming it as at all possible to maintain a land-plant even but 50 c.m. high 
in a space constantly saturated with aqueous vapour : the fact being that even in this 
case (since saturation with vapour is effected with extreme difficulty) opportunity 
occurs for transpiring and maintaining a feeble flow of water. Let it but be attempted 
to bring any tree, or even only a Sunflower or a plant of Ricinus, to normal vigorous 
development with actual prevention of all transpiration, and it will then be seen what 
comes of it : every horticulturist knows that land-plants grown in very moist air, and 
therefore with feeble ascending currents of water, ar^^ much too poor in substance 
and too ^vatery to pass as healthy plants, -f" ]r ' v” ’ i--, , ' 

Consideriiig the great importance of the movement of water called forth by 
transpiration, for the whole well-being of land plants, the chief relations of organi- 
sation of which are subjected to this function, it is worth while to consider the 
phenomena in question more closely, and above all to examine those organic 
arrangements which specially serve to produce the movements of water, as well as 
to become acquainted with the mechanics of the remarkable movement itself. 

In the first place, it is necessary to convince ourselves that the leaves con- 
tinually exhale considerable quantities of aqueous vapour. It is only necessary to lay 
a leaf on the scale of a balance, to notice that it becomes continually lighter, 
and finally dries up entirely ; this simply takes place by the escaj>e of aqueous vapour. 
In the same way a plant eventually withers and dries up when rooted in a flower- 
pot and not \vatered. If a plant is allowed to grow in a glass or metal vessel 
filled with nutritious soil, so that a large number of green leaves become developed, 
and the upper surface of the vessel is then closed by a lid consisting of two halves, 
which only allows the stem to pass through the centre; and if the whole is then put on a 
scale, first placed in equilibrium, it is noticed that the scale-pan loaded with the plant 
becomes lighter, and rises, although no water can evaporate from the vessel enclosing 
the roots. Evaporation takes place, however, through the leaves ; and if a Tobacco 
plant, for instance, has been used for this investigation, the total leaf-surface of which 
amounts even to only a few square millimetres, and the experiment is arranged in 
ordinary daylight, or in sunshine, the balance shows a loss by transpiration of one or 
several cubic centimetres of water per hour, and it is easy to calculate that in the 
course of a few days the same plant evaporates from its leaves several hundred cubic 
centimetres of water, amounting to more than its own volume. This result is obtained 

Q 2 


LECTURE XIV. 


22B 

much more readily if Maize, Tobacco, Beans, Cabbage, or other plants are allowed to 
develop their roots, not in earth, but in aqueous solutions of nutritive matters. If the 
glass vessel containing the nutritive solution and the roots of the plant is closed by 
a halved cork, which allows the stem to pass through and fit tight, the level of the 
nutritive solution is seen to sink from day to day; and in the course of several days 
the whole of the fluid within reach of the roots disappears from the vessel. The 
whole of this water has ascended through the stem into the green leaves, there to 
be evaporated. If the student wishes to convince himself of this, which of course is 
scarcely necessary on a little reflection, it suffices to cover a plant ai ranged as 
described with a bell-glass previously cooled: the aqueous vapour escaping from the 
leaves soon becomes condensed on the glass wall, and runs down in the form of drops. 
Of course no measure of the evaporation in the open air would be obtained by this 
means, because the space under the bell-glass becomes nearly saturated with aqueous 
vapour, and then almost entirely prevents further transpiration froni the leaves. 
A substance which absorbs water (e.g. sulphuric acid or calcium chloride) could be 
brought under the bell glass, however, and the vapour exhaled by the plant would 
then be absorbed by this substance, and the saturation with vapour of the air sur- 
rounding the leaves prevented : the increase in weight of the substance named would 
then indicate the quantity of water exhaled in a given time. If plants with large 
leaves stand in spring-time or autumn behind a closed window, it is noticed in the 
morning that at those parts of the glass near the upper surfaces of the leaves, there 
is a deposit of water, which has evaporated from the leaves and been condensed on 
the cold window panes. 

It would be quite in vain, however, to attempt to give from researches of 
the kind above described, an exact account of how much water a plant exhales in 
the form of aqueous vapour, and takes up through the roots, in a day or in a 
week. Transpiration depends upon the environment, quite as much as upon the 
organisation of the plant; experience shows that the formation of vapour from 
the leaves is increased as the warmth and dryness of the air, and especially the 
intensity of the light, increase. In moist air, or when fog, dew or rain cover 
the surfaces of the leaves with water, it is obvious that but little aqueous 
vapour, or even none at all, can escape from these organs : the transpiration, and 
accordingly the amount of the water moving in the plant, thus depend upon the 
alteration of external circumstances ; and so far as experience teaches, the well-being 
of the plant is not interfered with within a wide range of play of these circumstances. 
However, the extremes must be avoided, since just as the long continued prevention 
of transpiration is injurious to a land-plant, so a too energetic formation of vapour 
in the leaves during hot sunshine may lead to the result that the roots do not at the 
same time absorb as much water as is given off at the leaves; hence the latter 
droop or wither — a phenomenon observed often enough during dry weather on 
very hot July days, but which passes away without injury when the temperature sinks 
at night, and the relative moisture of the atmosphere rises, and the transpiration 
diminishes so far that the supply of water from the roots suffices to make the leaves 
again turgid and fresh — i. e., to fill them with water. 

Although it is not possible to give an exact idea of the quantity of water 
sent upwards in a given plant during a peri^^d of vegetation, it is nevertheless of some 
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interest to know how high the possible maximum of the water carried up by the 
current may rise. That a tolerably vigorous Tobacco plant at the time of flowerine, 
or a Sunflower of the height of a man, or a Gourd-plant with fifteen or twenty large 
leaves, takes up and transpires 800—1000 cubic centimetres of water during a warm 
July day, is certainly no rarity; and so far as may be judged from the quantities 
made use of by branches placed with the cut surface in the water, it may be 
believed that large fruit-trees, or Oaks, Poplars, &c., absorb, transport through the 
stem, and transpire from the leaves 50-100 and more litres of water daily Now, 
these large masses of water are carried up, in tall trees, to a height of 50-100 metres 
in a direction opposed to that of gravity ; and it is clear that in these cases the plant 
performs a work, the magnitude of w^hich is evident most simply by supposing the 
same mass of water to be drawn 
up to the height stated by means 
of a windlass, for instance, 
worked by a man. The plant 
of course accomplishes this 
work in quite another way, and 
we will now see how it does it. 

In the first place it is 
important to establish in what 
part, i. e. in which tissue of 
the root, stem, and leaves the 
water moves. The answer, as 
already known for nearly 200 
years, may shortly be given 
thus : in the proper woody 
plants (i. e. the Conifers and 
Dicotyledons) the ascending 
stream of water passes through 
the wood. In the case of the 
plants mentioned the proof 
of this assertion is easily fur- 
nished 5 it is simply necessary fig. 192.— Transverse section of the wood of autunm- 

, '' wood of the older, ttv vessels of the spring-wood of the younger, annual ring 

to separate and remove a ring {after Rossmann). 
of cortex, by means of a double 

annular cut on a stem, to completely interrupt all the layers of tissue lying outside 
the mass of wood. It is advisable to WTap tinfoil, or some other body which 
prevents drying up, closely round the exposed wood. If the ascending current of 

^ Although it is not possible to state for a particular plant^any definite quantity of water which 
it must transpire in order to flourish vigorously (and it is certain that every land-plant has wide 
■ limits in this respect), it is nevertheless of value for general guidance to know approximately, on the 
base of experimental determinations, how large the quantity of water transpired by a plant during its 
whole vegetative period may be under certain circumstances. According to Haberlandt (cited by 
Pfeffer, ^ FJlanzen-physiologie,'' B. I. p. 153) the i^ter transpired by the Maize in the course of a 
vegetative period of 173 days = 14 litres; by the Hemp = 2 7 litres in 140 days; by a Sunflower = 
66 litres in 140 days. According to Hohnel, a hectare of beech forest, 115 years old, evaporates 
2’3 to 3'5 millions of litres of water between June i and December i. 
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water were conducted entirely, or even only to a small extent through the various 
tissues of the cortex, the fact would soon be recognised, since the leaves of the tree 
would droop, and finally dry up. This, however, does not happen : on the contrary, 
they remain quite fresh, thus proving that in spite of the interruption of the cortex 
exactly as much water flows to them as they require for their transpiration. The 
pith in the middle of the stem does not come into consideration at all, since it is dry 
or already destroyed; and in the cases of thicker stems its mass is much too small to 
be taken into account here. But even the usually darker coloured and harder heart' 
wood of the stem and older branches is not concerned with the conduction of water ; 
since if a ring of younger wood or alburnum is removed at the same time with the 
ring of cortex, so that only the ‘ heart ' remains uninjured, the withering of the crown 
of leaves betrays the fact that the water-supply has ceased. It is thus, put shortly, 
in the alburnum that the water of trees ascends. But even within the alburnum a 
difference prevails, in so far that the dense autumnal wood of any one annual ring 
is less capable of conveying water than the large-celled spring wood of the same 
ring ; and it appears, indeed, that in this way the spring wood of any individual 
annual ring represents an isolated conducting layer, not in immediate communication 
with the homonymous layer of an older or younger annual ring h 

It is demonstrated by means of the above experiments, chiefly for the 
compact woody body of the Conifers and Dicotyledons, that the ascending current 
of water moves in the wood only ; but no such simple proof is possible, on the other 
hand, in the case of Monocotyledons and Tree ferns. These, as is known, form 
no proper woody body. Dignified cells are found, it is true, in the xylem of the 
individual isolated vascular bundles ; but the quantity of this wood of the vascular 
bundles is so small, that it seems scarcely conceivable how the water necessary for 
evaporation could be conveyed through the thin lignified strands to the huge leaf- 
crown of a Date palm, for instance. In addition to this, the connection of the 
vascular bundles in the palm stem does not favour the assumption that only the 
xylem of the individual bundle can undertake the conveyance of water. The 
vascular bundles of the stem of a palm commence below as strands of hair- 
like fineness, which apply themselves where their diameter is extremely small 
to the older bundles bending out into the leaves. The difficulty disappears, 
however, if the sclerenchymatoiis, thick, lignified vascular bundle-sheaths are claimed 
at the same time as the principal water-conducting organs of the Palms, Dracaenas, 
and other Monocotyledons. In their anatomical and histological structure, moreover, 
as well as in their lignification, these sclerenchymatous strands resemble the more 
solid parts of true wood ; and in view of their considerable diameter, it seems far 
more probable that the large quantity of water evaporating in the leaf crown ascends 
in them. If this assumption, which I hold as more than probable, becomes estab- 
lished, the sclerenchymatous vascular bundle-sheaths in the stem and leaf-stalks of 
large Ferns must also be regarded in the same manner. 


, ^ The proof that the autumnal wood of each annual ring offers great resistance to filtration, as 
well as, the heart-wood, and that the former has probably as little to. do with the transpiration-current 
as the heart-wpod, is found in my treatise, ‘ die PoroHiat des Holzes'* (Arb. des bot. Inst, in 
Wzbg. 1879, B. 11 , § 3). 
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The necessity of the assumption that in the vascular bundles of the Monoco- 
tyledons it is not, or is only in a very subordinate degree, the lignified xylem itself 
which conveys the ascending current of water, but that rather the lignified scle- 
renchymatous sheaths play the main part in the process, is ver)' evident on 
regarding the transverse section of the vascular bundle of a graminaceous plant 
(as Fig. 195). Here the area of the lignified xylem is only a fraction of that 
of the sclerenchymatous sheath. Besides, the fibrous elements of the latter in 
such cases agi-ee in all essential points with the proper wood fibres of the 
secondary dicotyledonous wood. In other cases, as in the scapes of species 



Fig. I93.—- Part of the transverse section of the stem of 
a Dractzna, about 13 mm. diameter. The very slender and 
thin- walled proper vascular bundles are surrounded by thick, 
lignified sheaths of sclerenchynia, which, according to iny view, 
convey the ascending current of water. 





Fig. 194.— Transverse section of the stem of C^athm Jm- 
rayana (nat. size). All the black streaks (s s') indicate lignified 
sclerenchynia; the grey .streaks and dots vascular bundles {«). 
(De Bary.j 


of Allium^ the hollow cylinder of sclerenchyma is practically only lignified 
parenchyma; but here, as likewise in the Piperacea^ it is not clear in which 
forms of tissue the current of water ascends, if^not in the layers of sclereii- 
chyma. Even in Dicotyledons it often happens that lignified strands or layers of 
sclerenchyma run through the shoot-axes, in addition to feeble vascular bundles 
deficient in wood. 

Hitherto all thesb sclerenchymatous structures have been considered only 
as means for promoting elasticity and rigidity, as they and the true wood 
in fact are. I conclude, on the other hand,: that all layers of lignified tissue which 
may be followed continuously from the root through the stem into the transpiring 
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organs serve as conducting organs for the transpiration-current, though they are at 
the same time of use as elastic and rigid masses. 

The wood and lignified sclerenchyma are certainly not the only tissues which 
can conduct water within the plant ; for simple reflection shows that large fruits, 
as those of the Gourd, absorb enormous masses of water into their parenchymatous 
tissues, though no corresponding lignified strands pass through them from the 
stem. The absorption of water in all young buds, as well as in soft non-lignified 
napiform roots and tubers, shows that a movement of water is likewise possible in 



riG. 195. —Transverse section of a vascular bundle in the stem of Zra Jfays. It consists of the parts 
"T r, I, / > thin-wallecl parenchyma of the fundamental tissue. Apart from the lignified cells between 
and jf, only the dark shaded sclerenchymatous sheath which sunounds the vascular bundle constitutes a 
vvoody layer worth mentioning and apparently suitable for theconveyance of the ascending current of water, 

parenchymatous tissue, even without the presence of lignified cell walls. The dis- 
tinguishing feature of the wood, however, is the great rapidity with which the 
particles of water can move in it; and just this rapidity is necessary where the 
transpiration -current of land-plants here considered is concerned. Hence we see that 
even very highly organised plants, when they do not transpire, or do so but little, 
possess no woody bundles, or only very thin ones — as, for instance, submerged and 
.floating phanerogamous water plants, and those root parasites which develop chiefly 
under ground, as the Balanophorese, The lignified layers and strands in the 
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roots, stems, and leaf-stalks of the land-plants thus serve fGi\tlie rapid movements of 
water, caused by transpiration ^ ; this does not preclude, however, that slow move- 
ments of water of the most various kind may also take place in all the other 
forms of tissue of these plants. In the first place, it is quite certain that the water 
in the younger absorbing roots must pass through the external parenchymatous 
layers of tissue, in order to reach the axial woody bundles ; and it is easily 
intelligible, again, that the thin fibro-vascular bundles of the petiole, which spread 
out and branch within the lamina as the venation, transfer their water to the 
parenchymatous chlorophyll- cells of the leaf, to which end, in fact, the whole 
mechanism of the water currents is set in motion. In the same way the cortical 
parenchyma of the shoot-axes, and even their epidermis, require certain quantities of 
water in order to make good the feeble evaporation at their surfaces; and there is 
no doubt that they draw this laterally to themselves from the stream ascending in 
the wood. Finally, the drooping and renewed turgescence of shoot-axes and thick 
leaf-stalks abounding in parenchyma, teach us that the water ascending in the 
woody bundles also passes over into the parenchymatous layers, because otherwise 
the restoration of the turgescent condition would not be possible. The distinguishing 
feature about all these movements of water in the non-lignified tissues, however, is 
the slowness and difficulty with which they occur ; and this is clearly indicated in 
the whole organisation of the land-plants. The course of the woody bundles conducting 
the water in the leaves is so regulated, and the ramifications of the venation so con- 
stituted, that the water conveyed in the latter need only traverse an exceedingly 
short distance in order to enter into all the parenchyma cells of the leaf. We see also, 
at the same time, why the venation, especially of the strongly transpiring thin leaves 
of Dicotyledons, divides up the entire area of the leaf into so many exceedingly small 
areolae ; because by this means the paths of the water particles in the badly con- 
ducting parenchyma are rendered the shortest possible. In like manner the path 
taken by the water from the woody portions of the stem across into the cortex is 
never more than a few millimetres long, although a rapid supply is not at all necessary 
here. In the cases where large gourds, apples and pears, tuberous roots and tubers 
gradually absorb large masses of water into their parenchymatous tissue, which is not 
traversed by strong woody bundles, it simply depends not upon a rapid transpira- 
tion-current, but, on the contrary, upon an exceedingly slow movement of water, just 
sufficiently copious to bring about growth — the increase in volume of the cells. In 
contrast to this w^e find the woody body, or the strands of tissue equivalent to it, always 
the more strongly developed the more it is a matter of conveying large quantities of 
water in a short time to widely distant and large transpiring surfaces; and, remarkably 
enough, these considerations also confirm the fact that the same distribution of the 
lignified layers and strands, by which the elasticity and rigidity are obtained in the 


^ That the wood cell-walls differ essentially and entirely from other cell-walls as regards their 
conductibility for water, and the minute quantities of substances dissolved in it, and that, while 
imbibing less, they hold the water in a very mobile condition, I have also made evident in the 
treatise mentioned in note i, p. 250. This is opposed to the assumption previously current, and 
especially contrasts with the views put forth by Nageli and Schwendener. In note i, p. 308, all 
that is necessary has been mentioned concerning the fact that imbibition is essentially different 
from capillarity, although the two have hitherto been always confounded. 
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Stem and in the venation of the leaves, serves at the same time to deliver the water 
in a proper manner to the badly conducting masses of parenchyma. The lignified 
supporting tissues in slender upright stems are therefore brought close to the 
periphery^ not only because they thus best promote elasticity, &c., but also because the 
loss of water at the surface of the epidermis can thus be most easily made good. 



Fig, 196.— Lignified, water-conducting; spiral cells and fibres in the venation of the leaf of Anthyllis vulnemria. 
The enclosed interspaces or areolte are filled up with transpiratory assimilating- tissue. 


The same consideration shows that the venation of the leaves serves at the same 
time their elasticity and rigidity, and the appropriate supply of water. 

The wood is thus endow^ed with the specific property of allowing rapid movements 
of water to take place in it : it is therefore of interest to know how rapidly a particle 
of water moves in the wood of the stem under particularly favourable circumstances 
— that is, during very active transpiration from the leaves. Numerous researches 
which I have made in this direction with various kinds of plants, show that 
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a distance of 50 to 80 or 100, occasionally even of 200 centimetres, is frequently 
traversed within an hour by a particle of water in the wood. It is obvious 
that when the transpiration at the leaves is feeble, and the quantity of water 
consumed small, the rapidity of the flow in the wood also diminishes ; and that 
with the complete stand-still of transpiration, the movement in the wood likewise 
ceases, or at any rate sinks to a minimum in the event of a small supply of water 
being necessary for the purposes of growth of parts situated higher. Formerly it was 
sought in various ways to obtain an idea of the velocity of the ascending current of 
water, but all the different methods employed for this purpose have been siiowii to be 
faulty in the highest degree. I have shown that researches with cut-off branches are 
for our purpose to be rejected once for all; and that likewise the ex])eriments 
made for centuries, in which 
coloured solutions were allowed 
to ascend in the wood, must ne- 
cessarily give velocities which are 
too small. This is easily seen on 
reflecting that the colouring of the 
wood cell-walls simply consists in 
their seizing upon and holding fast 
the colouring matter, while the 
water of solution thus freed from 
the colouring matter speeds on 
in advance. This may be very 
clearly illustrated by means of the 
apparatus here represented. A 
strip of filler paper hangs wdth its 
lower end in a solution of colour- 
ing matter (a), e.g. of aniline violet 
or indigo. Even a few minutes 
after the immersion a. disassocia- 
tion of the fluid is noticed: the 
upper limit of the coloured part 
(d) only ascends slowly in the 
paper strip, while the medium of 
solution {b r), freed from the colouring matter, ascends much more rapidly. The 
like must also happen when a cut-off branch is placed with the cut surface in a solu- 
tion of colouring matter ; only in this case it is not observed how quickly the water 
speeds on in advance of the colouring matter. Moreover in this mode of experimenting 
still further errors are introduced through the rarefaction of the air in the wood, 
to which I shall refer later. Really useful observations on the velocity of the ascend- 
ing water current are obtained, however, when w^eak solutions of lithium nitrate are 
allowed to be absorbed by the uninjured roots of a transpiring plant. For this purpose 
the plants must have been previously grown for some time in earth in a flower-pot, or 
have developed all their roots in a nutritive solution, according to the method to be 
described later ; since it is impossible to obtain uninjured roots by digging them up 
and washing them. The lithium solution possesses, as I convinced myself with the 



336 


LECTURE XIV. 


aid of the paper strips previously mentioned, the advantageous property of ascending 
without becoming decomposed; and the lithium is taken up by the cell walls not 
more energetically than the water. It thus becomes a matter of ascertaining how high 

the lithium has ascended in one hour in 
the stem, and thence into the leaves, when 
a weak lithium solution of say 1-2 Vo has 
previously been offered to the roots for 
absorption. The lithium has, moreover, 
the advantageous property of being re- 
cognisable in the interior of the plant, 
even in the minutest quantities, in ah 
exceedingly simple manner, by means 
of the \vell-known intense red line per- 
ceived in the spectrum of incandescent 
lithium vapour by means of a spec- 
troscope* It thus suffices to burn in 
a Bunsen^’s flame small chips of w^ood 
from the stem of the plant investigated, 
after this has been cut into small por- 
tions, to recognise by means of the 
spectroscope the presence of lithium; 
or the same observation may be made 
with portions of the leaves of the plant 
investigated. We owe the excellent 
idea of allowing lithium salts, on ac- 
count of their easy detection, to be 
absorbed by plants, to Professor Mac- 
Nab ; his researches how^ever were so 
uncritically conducted that it required 
a protracted investigation on my part 
to put to actual use for our pur- 
pose the excellent properties of this 
substance h 

With all that has been said hitherto, 
however, we have still obtained no idea 
as to the form in which, and as to the forces by means of which, the water ascends in 



Fig. x^.—Ptnussylvestris: radial longitudinal section through 
the wood of a vigorously growing branch, cb cambium wood-cells ; 
a—e older wood-cells ; t, t', bordered pits of wood-cells, in order 
of age ; st large pits where the cells of the medullary rays lie in 
contact with the wood-cells (X S50)* 


^ In my treatise, ^ Ein Beitrag %ur Kenntniss des cmfsteigenden Wasserstromcs in transphdren- 
den PJlanzen ’ (Arb. des bot. Inst, in Wzbg., 1878, II. p. 148), I subjected to criticism the investigations 
made by MacNab and Pfitzer with solutions of lithium, and showed that only plants with uninjured 
roots can give satisfactory results. To quote some numbers here, for example; in a branch of Salix 
fragilist with abundance of roots which absorbed the lithium solution direct, and not from the earth, 
the lithium ascended 85 cm. high in i hour: in two plants of Zea Mays under similar circumstances 
it ascended 30 and 42 cm. respectively. With plants rooted in the soil and watered with the 
lithium solution, and placed favourably as regards transpiration, the lithium ascended, in i hour, 
n8 cm. in Nicotiana tabacum, 206 cm in Alhizzia lophantha, 107 cm. in Musa sapientum 70 cm. in 
ffelianthus annuus, and 98 cm. in Vitis vinifera. That experiments with coloured solutions give 
no certain results, I have insisted upon in my ^ MxpenmentaLphysiologie! 1865, p. 217. 
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the wood. To this end we must enter somewhat more in detail into the stractiire 
and the physical properties of wood. In order to avoid unnecessary complications 
we will confine our consideration in the meantime to the wood of Conifersj 
such as the Pine, Yew, and Fir, because these woods possess no vessels, but 
consist only of trachei’des, and are there- 
fore relatively simple and homogeneous 
in structure. We must state, in the first 
place, the very important fact (shown by 
Theodore Hartig 20-30 years ago, but 
denied later by all phytotomists) that 
the histological elements of the wood are 
not in open communication one with 
another, and that the bordered pits of the 
wood-cells (and vessels of foliage-trees) 
are not actually perforated, but closed by 
fine membranes. Thence follows that the 
woody body by no means represents a sys- 
tem of continuous capillary tubes, but is 
formed of chambers distinctly shut off on all 
sides from one another. The purely micro- 
scopical and anatomical confirmation of 
this fact w'ould, for our purpose, still leave 
room for much doubt, if the closure of 
the bordered pits in the wood were not 
established with absolute certainty in 
other ways. This is done most simply 
by means of the apparatus here figured. 

A piece of the stem of a Fir, or other 
Conifer, several centimetres long, and some 
2-3 centimetres thick, and still provided 
with the cortex, is cut smooth at both sec- 
tions, and the one end fastened by means 
of caoutchouc to a long glass tube which 
is connected above with a wide vessel : the 
tube and vessel are now filled with an 
emulsion of cinnabar which has previously 
passed through several layers of filter- 
paper and therefore contains only cinnabar 
particles of the most extreme minuteness, 
which even with the strongest magnifica-' 
tion appear merely as dots, and exhibit the 
so-called Brownian motion. By means of 

the hydrostatic pressure in the apparatus figured the fluid now filters through the 
wood : the water running off below appears quite clear and free from cinnabar, for 
the latter remains in the uppermost portion of the wood, not penetrating deeper 
than some i’5 to 2 millimetres. The microscopic examination of this piece after 
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VIG, 199. Apparatus for the filtration of water or emubton 

of zinnabar through pine wood. The fresh piece of \vood A is 
fastened by means of india-rubber tubing d to the wide glass 
tube c; f is connected with the narrow glass tube {about 
60 cm. long) by means of a cork. This tube is fastened above 
to the vessel d, which contains water or emulsion of cinnabar 
The' water filtered through the wood passes through the 
funnel e, and is collected in the graduated vessel yi 
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several days' filtration now shows that the long wood-cells, whicii were opened by the 
section, are completely filled with the fine cinnabar particles; and that these have 
penetrated even into the cavities of the bordered pits and completely filled them. 
It may here be definitely observed that the very minute cinnabar particles have pene- 
trated even through the narrow pore of the pit into its cavity, but are there held fast, 
since a thin membrane prevents their passage over into the neighbouring ceils of the 
w^ood. Only the cut cells of the upper end of the piece of wood have taken up 
particles of cinnabar, not the uninjured ones. A similar result is obtained if, instead 
of cinnabar emulsion, mercury is poured into the apparatus described, and left in it 
for some time. The mercury does not pass through the wood of Conifers ; but it 
fills the cells opened at the upper transverse section and the cavities of their bor- 
dered pits, without passing over into the neighbouring cells. 

After thus establishing that the wood-cells of the Coniferse are not in open 
communication (which is likewise true of the wood- cells and vessels of ordinary 
foliage trees), the theory which has existed for two hundred years, according to which 
the water ascending in the wood is considered to move as in capillary tubes, falls to 
the ground of its own accord. The hypothesis established by Quincke^ that the 
ascending water may be drawn up as an extremely thin molecular layer on the 
surfaces of the walls of these capillaries, is likewise definitely refuted by means 
of our discovery. Both theories, however, w^ould be wrecked without that, on 
the fact that even if continuous capillaries were present in the w’ood, they are 
closed in the roots below and in the leaves above ; and that, further, the transverse 
section of these capillaries — i. e. the w^ood-cells and vessels respectively — is far too 
large to explain, according to the known laws of capillary tubes, an ascent of the 
water in the wood to a height of more than a few metres. 

Now, however, there comes in another quite decisive fact, by which the capillary 
theory of the ascent of the sap is likewise put aside : the fact, namely, that at the 
time w'hen transpiration is going on in the leaves — that is, at the time when a rapid 
current of water is ascending in the w^ood — the cavities of the w'ood-cells and vessels 
of foliage-trees are not filled with w'^ater, as should be the case according to the 
capillary theory; rather, the wood-cells and vessels are only to a small extent filled 
with w'ater, the vessels, how^ever, being quite empty. This highly important fact 
is already to be concluded from the simple observation that fresh w^ood, cut out 
of the stem or branch of a transpiring tree in summer, and then throwm into 
w^ater, floats ; and since the cell-w^alls of the wood are without doubt specifically 
heavier than water, if their cavities were at the same time filled with water, 
such a piece of wood must sink like a stone. Instead of this, how^ever, it 
floats, i. e. it is lighter than water ; and this fact is not otherwise explicable than 
by the assumption that cavities exist in the wood which are not filled with water. 


^ The possibility that the ascending water may pass up to the leaves as an extremely thin layer 
on the inner side of the wood cell-walls, was not suggested by me, but by the physicist Quincke ; 
though it is true it was made public by me in my text-book. This view was of course only tenable 
so long as the bordered pits of the wood were supposed to be open, according to the older statements 
of Schacht. Since the proof that the pits of the wood are closed was afforded, however, by Sanio’s 
and De Bary’s anatomical investigations, and by my repetition of the elder Hartig’s filtration experi- 
ments, Quincke’s theory can, of course, no longer be spoken of. 
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This supposition, moreover, is proved to be correct two further frets. If a piece 

of fresh wood is placed in the fire, bubbles of gas are seen to be emitted witii 

violence, evidently because the air contained in the wood is expanded by the 
heat and forced out at the transverse section, at the same time driving out 

with it a portion of the water contained in the wood. Again, we find that a 

piece of wood cut from a living tree, when laid upon water, gradually becomes 
heavier and sinks deeper and deeper, because it absorbs water : this would be 



Fig. 2oo.-~Tang’cntial longitudinal section through the secondary wood of Ailnnthus g^utndtdosa, g .41- vessels; 

St medullary rays cut across; p wood parenchyma; t tracheides; ^libriform cells. 

quite impossible if, the cavities of the wood were actually already completely filled 
with water. 

These observations prove then most decisively that just at the time of the most 
rapid ascent of water in the wood, the cavities in the wood-cells cannot be filled with 
water ; that, rather, cavities containing air and vapour must exist in them. By means 
of more exact considerations and experimental researches, I have succeeded in finding 
a method by which we are able to determine in any given piece of w’ood, by a 
simple calculation, how large the empty space in the wood-cells is. For this purpose 
the specific gravity of the wood cell-walls must first be exactly determined. Among 
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Other methods, I succeeded in doing this in the following manner : — Since it is 
impossible to fill all the cavities in a large piece of wood with water, cross slices 
o* 1-0*2 millimetre thick were taken of the wood of Firs and ordinary foliage trees : 
since now the wood cells are several millimetres long, all the elements in these cross 
slices must be opened and cut through transversely. They were then boiled for a long 
time in salt solutions, to remove any bubbles of air. These solutions were of calcic 
nitrate and zinc nitrate. The result was that the cross slices mentioned sank in such 
solutions, though extremely slowly, when the areometer indicated a specific gravity of 
1*56. This number thus expresses almost exactly the specific gravity of the wood cell- 
walls; or, in other words, if one had a cubic centimetre consisting entirely of the substance 
of the wood cell-walls, it would weigh 1*56 gramme, whence results immediately that 
one gramme of wood cell-wall occupies a spahe of 0*641 cubic centimetre. Furnished 
with this number, it is easy now to calculate in any piece of wood cut from a living 
tree how large the spaces occupied by the lignified walls, by the water, and by the 
cavities filled with air must be. First is determined the volume and the weight of 
the fresh wood; it is then dried at 100®, and the weight of the dry wood determined. 
The difference in weight obviously gives the weight of the evaporated water, from 
which its volume follows immediately, since one cubic centimetre of water is exactly 
one gramme. The specific gravity of the wood found above now allows us to 
calculate from its absolute dry weight the volume of the cell-walls, since we divide 
tfiat weight by the specific gravity, and all else follows. To illustrate this by an 
example — a cylindrical piece of wood, consisting of five annual rings, was taken from 
the stem of a living Fir on the 2nd of January : the piece was 105 millimetres long 
and 33 millimetres thick. From these dimensions the calculated volume is 89*8 
cubic centimetres, and it was found, by immersion in mercury, to be 90 cubic centi- 
metres. That the wood, though containing much water, still contained air, was clear 
at once from the fact that it floated in water. 

Weight of the fresh wood 87*60 grammes. 

Weight of the dry wood 34*83 grammes. 


Water in the fresh wood . . . . . . . 52*77 grammes. 


From the dry weight of the wood we get 


34^83 

I*n6 


22*33 cubic centimetres as 


the cubic contents of the cell-walls. ^ 

From these data it is calculated that 100 cubic centimetres of fresh wood 
consist of — 

24*81 cubic centimetres == mass of wall {calculated dry). 

58*63 „ =r. water (in the cavities, and imbibed). 

16*56 „ = air cavities. 

Since intercellular spaces and vessels do not exist in the wood of the Fir, the 
16*560/0 air cavities were thus contained in the wood-cells themselves; and since the 
wood-walls, as we shall see, absorb by imbibition only about half their volume of water, 
they thus contained only 12*4 cubic, centimetres of water, the remaining water (viz. 
46*23 cubic centimetres) must have been contained in the cell- cavities. 
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Consequently the volume of the ceil-cavities is calculated as — 

16*56 cubic centimetres containing air, 

+ 4<^*23 „ containing water. 

= 62*79 cubic centimetres of cavity altogether. 

The volume of the saturated cell-walls as — 

24*81 cubic centimetres dry mass of wall. 

4 12*4 „ water of imbibition. 

= 37*21 cubic centimetres saturated wood walls. 

The space occupied by the saturated walls, therefore, in this case stands in the 
proportion to the space occupied by the water and air, as i : i*68; or, the space oc- 
cupied by the saturated walls is greater than a third of the total volume of the wood. 

It is to be noticed that in this particular case the piece of wood examined 
contained much -water. Had less water been present the calculated space containing 
air would have turned out to be greater, since we may assume that so long: as water 
is still present in the cavity of the cells, the cell-walls themselves are completely 
saturated with it^. 

The calculation given depends in part on the assumption that cell-walls, taken 
as dry, only imbibe water to the extent of the half of their volume. I \vas led to this 
assumption by the following considerations and results : if a thijfi cross slice of fresh 
wood is suspended in dry air, there is generally formed during the drying of the w'ood 
a radial fissure, w 4 ich forces its way from the exterior to the centre. Hereupon the 
cross slice is dried at 100° C., and the weight of the wood cell-walls determined; from 
which its volume is reckoned by means of the specific gravity. The dry slice of wood 
is now again suspended in a space saturated with aqueous vapour, where it gradually 
condenses so much water, and at the same time becomes so distended by swelling, 
that the fissure produced during the drying again closes up, and this so completely that 
it is finally no longer to be recognised at all. In this condition the cell-walls must 
necessarily be completely saturated with water ; and there is no fear of water being con- 
tained in the cell-cavities also. Weighing once more, gives the result that the water 
thus absorbed until the cell-walls are saturated constitutes about half their volume. 

This last discovered fact is now, ho’wever, of particular interest, since it shows 
that the wood cell-walls have a strikingly small po-wer of swelling, compared with 
other cell membranes which are capable of swelling, and especially with those which 
become mucilaginous in water, and take up enormous quantities of that liquid. 

Flere, then, we are face to face with the proper and specific physiological signi- 
ficance of the wood cell-walls. This consists in that they absorb relatively but little 
water, but that this small quantity of water of imbibition is strikingly mobile in them. 

According to all that has been said hitherto, the ascending current of water in 
transpiration (in the wood generally) thus moves in the suhslatice of ihe cell-walls 

^ The knowledge of the specific gravity of the wood cell-walls gives us also the power of 
calculating the extent of surface of all the cell- walls in a given piece of wood. For a piece of fresh 
Fir-wood in winter I found, for example, that 100. c.cm. contained 25 c.cm. of solid wall. Since now 
the thickness of a saturated wall may be assumed to average about 0.0025 mm., by dividing the 
volume of wall named by this thickness it results that the superficial extent of the walls in a 
piece of Fir wood i m. long and i sq. cm. in diameter 10 sq. m. 
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themselves. We have thus to imagine the water of imbibition of the latter as being in 
motion; and this is the main result of our considerations hitherto h Any one may 
easily supply a striking proof of this, moreover. If the delicate stem of the Hop, 
Flax, etc. be sharply bent beneath a few transpiring leaves, the cells at the sharply 
bent place must all be so compressed together that cavities containing water no 
longer exist. Thence follows, however, that the water ascending into the transpiring 
leaves can only go through the walls of the wood-cells ; and that this actually 
occurs, follows from the fact that the shoots remain fresh above the sharply bent 
place — they remain thus fresh for weeks and months, even in the sunshine in 
the open. 

The great mobility of the imbibed w^ater of the wood cell-w^alls already estab- 
lished above, and on which the whole phenomenon of the water-flow thus depends, is 
a specific property of the lignified cell-walls ; a fact which appears the more striking 
when it is known that other cell-walls capable of swelling to a great extent, though 
it is true they absorb water in large quantities, hold it immovably fast This is very 
conspicuous, for example, in the case of the stalks of Laminaria^ the main mass of which 
consist of cell- walls capable of swelling; if a fresh stalk of this Alga is so placed in water 
that some centimetres project above, the immersed part remains swollen, but the part 
projecting above dries and shrivels up — a proof that the water ascends in it not at all 
or only exceedingly slowly. Ordinary parenchyma cells appear to behave similarly. 

As further characteristic of the wood cell-walls, in so far as they are the con- 
ducting organs for the ascending water, it is a remarkable but easily confirmed fact 
that they lose for ever their main property of conveying water when they have once 
become air dry. It would be utterly in vain to look for an ascent of water at all 
rapid in an old dried up rod of wood placed in water. The wood once dried has, 
it is true, the capacity of still becoming saturated with water of imbibition ; but the 
mobility of the latter no longer exists. 

It is evident that by the drying of the wood cell-walls, an essential alteration of 
their molecular structure has taken place, which, however, is not to be detected 
with the microscope. Nevertheless this fact is established, and it is of the greatest 
importance for the life of plants. The so-called freezing of woody plants in the 
long- continued cold of winter may serve as proof of this; for this phenomenon is 
something quite other than the freezing of succulent shoots and living leaves in the 
late autumn or in the spring time. The dying of trees in long-continued winter cold 
depends to a great extent on the drying up of their wood, as we may convince 


^ For the guidance of readers not sufficiently acquainted with phytotomy, it may not be super- 
fluous to quote the following from my treatise, ‘ tJbcr die Porositdt des Hohest p. 292. ‘ The wood 

consists of a framework of lignified lamellse, which enclose cavities (cell-cavities). According to 
circumstances the cavities may contain water, or air (with aqueous vapour), or both. The walls 
themselves may be dry, or contain water (imbibed) ; and their volume or condition of swelling alters 
with the amount of water contained. The cell cavities of the wood are capillary spaces ; the cell-walls, 
on the contrary, contain no capillaries into which liquid or air could directly penetrate. In order to be 
able to judge of the movement of water in the wood produced by transpiration and other causes, it is 
necessary to sharply distinguish between the capillarity of the cavities and the imbibition of the cell- 
walls.’ That the ascending transpiration-current moves in the substance of the wood cell-walls 
I assumed (though with a certain reserve) in my ^ Pflunzen-physiologie^ p. 216: it was first expressed 
definitely, however, in my * Text-book,’ 
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ourselves directly by cutting off single pieces. This wood, when once dried up, is 
no longer in a condition to convey water from the roots to the buds ; and so the 
plants perish. 

We thus see that the wood owes its significance as the organ for conducting 
water to a series of most remarkable properties, which are found in no other natural 
body; and after what has been said, it would be simply childish still to attempt, as 
has been done previously, to derive the properties of the wood and the mechanics 
of the ascending water current from observations on capillary and porous bodies, 
such as gypsum, or from the endosmotic processes in an apparatus made with 
animal bladder, or even from the properties of parenchymatous tissues. The wood 
is a body sm generis, and especially adapted by nature for the purpose of conveying 
water (and even water laden wdth nutritive substances) from the roots up into the 
transpiring organs of assimilating plants. The utterly incorrect views of the 
mechanics of the ascending water-current which were held previously to my re- 
searches ^ On the porosity of wood' 1879, were especially characterised by the 
difficulties arising from the fact that water ascends in the wood up to heights of more 
than 100 m. into the leaves of tall trees, because it was always assumed here 
that it was a matter of capillary tubes. It is true water can also ascend in capillary 
tubes, but to a considerable height only when they are extremely narrow. 

Here, however, appears the difficulty perceived, but not overcome, by Nageli 
and Schwendener, that the capillary movement in very narrow cavities is so 
exceedingly slow that it no longer suffices for the requirements of transpiration. 
It was simply an entirely false principle from which observers formerly proceeded ; 
since it depends not upon a phenomenon of capillarity, but upon imbibition and 
swelling, where, as I have shown in the preceding lecture, quite other molecular 
relations and forces are put in requisition. The force with which water is held 
fast in bodies which imbibe it is so enormously great, that it is quite immaterial 
whether the mass of \vood saturated with water extends lo m. or 100 m. into the 
air above the absorbing roots ; just as in the case of the salt solution of sea-water it 
is immaterial whether the dissolved salt molecules are suspended loom* or 1000 m, 
above the sea-bottom. The one point of special importance to be considered here 
is the facile mobility of the water thus held fast by the cell-w^alls. This, however, 
IS to be understood on observing that the wood cell-walls are saturated with 
water from their origin, and that every displacement of a molecule of water in 
them causes a movement of other molecules of water ; whence it will be immaterial 
to the forces of imbibition w^hether the water molecule A or B enters into the 
sphere of attraction of a given molecule of wood. 

The main result of all these considerations is this, that the ascending cur- 
rent of water depends upon the motion of the relatively small number of water 
molecules which are contained between th*e molecules, or ‘ micellae,^ of the wood cell- 
walls. This much is established, that this movement can only occur when the 
wood cell-walls at the upper end of this system lose a portion of their water molecules. 
By this loss its state of saturation with water becomes disturbed, and the equilibrium 
altered: the parts of the wood cell-walls. Which have become poorer in water will 
tend to restore the equilibrium by attracting water from the nearest wood-cells, 
which, in their turn and for the same reason, take it up again from parts of the 
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wood situated lower, until finally this movement, extending backwards, proceeds 
from the foliage of a land-plant down through the stem, into the young roots which 
absorb the water out of the earth. 

That this motion of the water molecules depends upon the activity of their 
evaporation from the leaves is obvious at once, and has already been stated as 
a fact. On the other hand, however, it is also evident that the rapidity of the 
flow of the water must depend upon certain properties of the wood walls, 
which we designate by the word conductivity; if this becomes lessened by any 
means whatever, the evaporation at the leaves need not on that account be 
diminished to a like extent. If the latter now continue to transpire vigorously, 
while the supply is smaller than the loss of water, a deficiency of water must finally 


result in the leaves, and then even 



FIG. aoi.—The U-tiibe is first filled with water ; then the 
bored india-rubber stopper in which the stem of the plant is 
fitted, is inserted. The shoot droops, as in a. On pouring 
mercury into the other limb, so that <?■' stands some S-iocm. 
above gi’, the shoot becomes turgid, as in and remains so, 
even when the level subsequently stands higher than g'. 


in the younger shoot-axes, and they will 
droop ; and since further arrangements (to 
be considered later) are met with, by 
means of which, with a want of water in 
the organs of transpiration, the transpira- 
tion itself becomes lessened, it follows that 
under certain circumstances a diminished 
conductivity can be inferred from di- 
minished transpiration. The behaviour of 
cut-off shoots placed with the lower cut 
surface in water, gives occasion for these 
reflections. It might evidently be sup- 
posed that the cut surface of such a 
shoot w^ould absorb the water in this 
form, more easily than when the cut surface 
is still in connection with the wood of 
the lower part containing water. This is 
not the case, however, since various experi- 
ments show that cut-off shoots placed in 
water gradually transpire less and less, 
and droop, which is evidently caused 
only by the imperfect conduction of water. 
If the shoot has been cut through far 


from the apex, at a part already strongly lignified, or if the lignification reaches 


right up into the apex when the winter buds are already formed and all the 


upper leaves are completely developed, then the phenomenon mentioned appears 


in a small degree only, and the drooping takes place only after some days ; it 
occurs after a few hours, however, when a young shoot-axis is cut through, which 
is not yet, or is but little lignified, and in which the lignification does not yet 
extend into the apical part — e. g. in the case of the apex of a shoot of the Sun-flower 
20-30 centimetres long, or one of Arisiolochia sipho 40-50 centimetres long. On 
fixing such drooping shoots into a U-tube, as in the accompanying figure, and 
pressing the water (ze;) by means of a column of mercury (/) into the cut end, 
I found that the shoot after some time again became turgescent and tense : the 
diminished absorption of ■^ater was again increased by the pressure, and the power 
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of conduction, even when transpiration was energetic, restored to such an extent 
that after the pressure of the column of mercury (y /) had become equalised, 
the shoot nevertheless continued to absorb water, and indeed with such force 
that the level y of the mercury was raised many centimetres high above / . De 
Vries, who investigated this phenomenon further, found now that the withering 
of cut-off shoots only occurs very late, or does not occur at all, if the shoot-axis, 
before being cut, is bent down into a bowl of water, and the portion under ^Ya^er 
then cut through. This proves that the contact of the cut surface with air is one 
of the essential causes of the diminished conductivity at the transverse section ; and 
that the alteration concerns not exclusively the section, but also parts of the con- 
ducting tissue higher up, may be concluded from the fact that the conductivity is again 
increased when a shoot, which has been cut off in the air and then placed in -water, 
is cut through under the level of the water, but several centimetres above the first 
section. It is still questionable on what this injurious influence of the air, even 
on only momentary contact with the section, depends, and perhaps the sudden 
entrance of the air into the cavities of the wood filled with very rarefied gases plays 
a part in the matter h That the absorption of water at a cut surface of wood 
gradually diminishes, even apart from these circumstances, is shown by the fact that, 
by cutting off daily a small piece from the lo-v^^er end, shoots standing in water may 
be maintained fresh for a much longer time. Evidently the absorbing section 
becomes altered and diseased by slimy substances and colonisations of Bacteria; 
and even w^hen this is not the case, since the cut surfaces of the -wood cell- walls 
gradually absorb large masses of water, the fine dust particles always contained in 
the latter must collect and cover the section with an impenetrable layer. This 
circumstance also brings it about that, when apparently pure water is filtered through 
fresh wood, it goes through at first with great ease, after which the filtration becomes 
slower and slower ; if an extremely thin cross lamella is then cut off from the wood, 
the filtration again proceeds more rapidly for a short time. 


^ With respect to the drooping of the apices of cut-off shoots, cp. Hugo de Vries (Arb. des bot, 
Inst, in Wzbg. I, p. 287). 
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CONDITIONS OF TRANSPIRATION— ABSORPTION OF WATER AND 
NUTRITIVE MATTERS BY THE ROOTS OF LAND-PLANTS. 

The main purpose attained by means of transpiration is, as already men- 
tioned, that large masses of water, containing very small quantities of dissolved 
nutritive substances, are gradually carried to the organs of assimilation; these 
nutritive substances in their turn take part in the process of assimilation, while the 
greater portion of the water in which they were dissolved evaporates. The flow of 
water described in the preceding lecture thus subserves nutrition in this sense. It 
now concerns us to become acquainted more in detail with the conditions under 
which transpiration itself takes place, and which accelerate or diminish the rapidity 
of the flow of water, and therefore that of the supply of nutritive matters also. 
Upon this depends, again, the rapidity with which the water enters into the ab- 
sorbing roots ; since in a land-plant growing under normal conditions, the quantity 
of water exhaled as vapour at the leaves is always nearly equal to that taken up by 
the roots, except in so far as possible additional circumstances, which I shall treat 
of in the following lecture, cause differences in this relation. 

It is very easy to establish the fact that leaves or succulent shoot-axes, from which 
the epidermis has been taken off, as well as tubers and turnips after the peeling off 
of their periderm, dry up very quickly. That this happens much more slowly in the 
natural condition, is evidently due to the epidermis or cork-tissue of the periderm 
respectively. These are permeable with difiiculty, not only by water itself, but also 
by aqueous vapour; and this is certainly true in a still higher degree of the thick 
bark of old tree stems. Plants produce well-developed periderm and bark, moreover, 
only at those parts where transpiration is not to be permitted to take place. 

We are thus concerned properly with the epidermis only; this, on the one 
hand, affords protection against the excessive evaporation of the water from the leaves 
and young shoot-axes, and, on the other hand, is specially organised for the purpose 
of rendering transpiration possible, and yet more, of limiting or accelerating it 
according to circumstances. The epidermis accomplishes the first object by means 
of the cuticle, and the waxy coatings, which, it is true, do not absolutely prevent the 
evaporation of water from the epidermis cells, but still render it exceedingly slow. 
The second object — the regulation of the evaporation of water — is accomplished by 
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means of the stomata, in so far that they can be opened and closed. The stomata 
are, as was menlioned before, the external openings of the intercellular spaces of the 
parenchyma ,• and, according as these openings are closed or open, the exit of the 
aqueous vapour exhaled from the surfaces of the moist cell-walls in the intercellular 
spaces is permitted to a greater or less extent The stomata and their movements 



which depend on irritability, have, as we see, a meaning only in so far as the epidermis 
lying between them, and provided with cuticle and wax, prevents transpiration 
in the narrower sense. The aqueous vapour is evidently to be given off not at any 
haphazard spot of the epidermis, but by the walls of the intercellular spaces;^ 
and these are particularly large and numerous in the assimilating parenchyma. 
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As the moist walls of the assimilating cells transpire their water into these 
spaces, they are enabled to attract a fresh supply of water from the wood 
bundles, the nutritive materials of which are absorbed in the interior of the as- 
similating cells. It is easy to see that in this way — that is, by the formation of 
vapour in the intercellular spaces — a more uniform supply of food to each cell is 
rendered possible, than if the water evaporated at the surfaces of the leaves them- 
selves. Since, now, this aqueous vapour, arising at the proper places, can only escape 
through the stomata, the possibility is afforded of concentrating the supply of 
nutritive matters brought by means of the transpiration at those times when, under the 
influence of intense light, assimilation is actually taking place in the cells containing 
chlorophyll : for at this time the stomata are open, while they become narrowed 
in the shade, and closed in darkness. The mechanism of the opening and closing 
of the stomata is thus adapted to ensure a flow of nutritive materials from the 
soil to the assimilating cells, at those times when, through the open stomata, the 
entrance and exit respectively of the carbon dioxide of the atmosphere and the 
oxygen set free by its decomposition are much facilitated, 
j' It would be extremely rash to suppose that, because submerged water-plants 
!: possess no stomata and do not transpire, the considerations here put forward are 
!' unimportant. The mode of life and organisation of water-plants are both essentially 
1 : different from those of the land-plants. The transpiration and corresponding flow 
; of material which they lack, are simply replaced by their being able, by means 
j of their feebly cuticularised epidermis, to take up water and substances dissolved in 
; it from outside at all parts; accordingly all those arrangements are absent which 
we are here studying simply as conditions of the life of land-plants. The im- 
portance of our considerations is not altered by the fact that small quantities of 
aqueous vapour can escape from the epidermis even without the aid of stomata. 
The question as to what extent this happens and whether it is of any use at all for 
the plant may, in fact, be altogether neglected. It may indeed be said that in no 
region of vegetable physiology has the concern for insignificant minutiEe led people 
so far astray from the insight into the great significance of the really important 
matters of organisation, as in connection with this matter of transpiration and all 
the concomitant phenomena. All possible minutiae have been studied ; but the 
principal fact, that it is a matter of the supply of nutritive matters to the organs of 
assimilation has been scarcely noticed. Since, however, as is clear from the pre- 
ceding considerations, it is just the opening and closing of the stomata which 
regulate the transpiration, and with it the ascending current of water, and finally 
the absorption of nutritive matters from, the soil, we will briefly enter a little more 
in detail upon the mechanics of these movements. 

The opening and closing of the stomata are brought about by alterations in the 
K form of the guard-cells, the nature of which is to be perceived most clearly from the 
figure here given ^ (Fig. 203). The thick lines mark the contours of the guard-cells in 
transverse section, at right angles*to the surface of the leaf when the aperture is open. 


^ The statements in our text on the structure of the stomata, so far as the mechanics are con- 
cerned, are taken freely from Schwendener's treatise, ^ Ue5er Ban und Mechanik der Sj>altdff-‘ 
nungen^^ Monatsbericht d. Kgl. Akad, der Wiss, zu Berlin, July, i88i. 
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The thin lines give the contours of the same cells when the aperture is dosed 
The figure shows at once that it is not simply a matter of the projection of tlie inner 
thin lamella, indicated by d \ but that the whole guard- cell changes its form in 
the process of opening and closing. On account of their firm connection wdth the 
neighbouring epidermis ceils, this has for its consequence at the same time a dis- 
placement of both the guard-cells in space also. The other figure (203 J)) shows the 
form of the two guard-cells as seen from the surface ; the guard-cell A is drawn in 
the condition in which it is when the aperture is closed, while the cell B repre- 
sents the form when the aperture is open. Here, however, it is to be noted that the 
dark part a a\ by no means corresponds to the parts marked d in the above figure, 
but to the ledge there marked a. It is to be noticed in this figure that with the 
opening of the aperture, the curvature of the outline of the guard-cell B increases ; 
and that this behaves like a bent tube, which on swelling presses with its two ends 
against the corresponding parts of the other guard-cell, while the back portion 
recedes, and the aperture opens. Stomata are found in various plants, it is 
true, in which the form and position of the guard-cells deviate from those here 



Fig. 203.— Transverse section of a stoma at right angles to the surface of the leaf. The thick contours show the form 
of the guard-cells in the open condition, the thin ones the form when closed. 


described : in principle, however, the mechanical relations to be considered are 
always the same. In the first place, the guard-cells are always thick and 
strongly cuticularised at their outer and inner walls (Fig. 203 ^ and and the cuticle 
generally forms more or less strongly projecting cushions or ridges at the places 
indicated, which surround the outer and inner entrances to the aperture. On the 
other hand, two thin walls exist in every guard-cell : one, usually the larger, where 
the guard-cell joins the next neighbouring epidermis cell (i? in Fig. 203); while a thin 
lamella, generally lower down, bounds the proper aperture of the stoma at d. In 
the relaxed condition, with slight turgescence, the thick places a and d tend to 
become straight, and parallel with the slit-like aperture; hence they compress 
the relaxed cell in such a manner that the thin part at d becomes pushed 
outwards. If, however, the guard-cell absorbs more water, which is facilitated by 
the thin wall at e, the thin portion d tends to expand in the vertical direction : 
now, however, it necessarily becomes itself drawn back, since it assumes a more 
vertical position, as shown by the thick contours in Fig. 203. It is easily seen that 
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the thick ridges a and d, which are fastened at the two ends of the guard-cells (cf. 
Fig. 203, must become curved by this and bj means of their elasticity they bring 
it about; that, as 'soon as the turgescence is diminished, the guard-cell becomes com- 
pressed and straight, and that the walls are driven outwards as in Fig. 203. These 
are only the most important and obvious points in the mechanics of the opening and 
closing of the stomata. So far as concerns the transverse section of a guard-cell, the 
matter may be briefly put thus : the guard-cell, as turgescence increases, tends to 
assume a more symmetrical form, and, as the turgescence diminishes and the 
aperture closes, a less symmetrical form, as is shown at once by Fig. 203 h 

Although the desired certainty does not yet exist with respect to the external 
conditions under which the stomata open and close, so much is at any rate certain, 
that the apertures open in sunshine, and under strong illumination generally, when the 
guard-cells increase in turgescence; and that they close in shade and darkness, when the 
turgescence of the guard-cells diminishes. In the first place, it is clear that the altera- 
tions in turgescence must result from the entrance and exit of water ; and that in this 
process it is the epidermal cells bordering upon the guard-cells which give up or again 

absorb the water. In this connection the thin 
lamella e, ^ (Fig. 203) is important, in s6^ fc 
that it facilitates the passage of the water. 
The question is now, hdw does the light bring 
about an increase of the turgescence of the 
guard-cells ; and ^vhy does this diminish with 
declining illumination ? With regard to these 
points, Schwendener, from whom the preced- 
ing description is in the main borrowed, has 
expressed no opinion. It appears to me, 
however, that the fact which I have repeatedly 
brought forward during the last twenty years 
— that the guard-cells of all foliage leaves 
contain chlorophyll-grains and the products 
of their assimilation, which are usually wanting in the surrounding epidermal cells — 
can now be explained. The chlorophyll-grains in the guard-cells will, as the 
illumination increases, produce carbo-hydrates by assimilation ; these are at least 
partly soluble, and act endosmoticaily, and thus bring about an inflow of water 
from the neighbouring epidermal cells through the thin boundary wall. Or at 
least so much may be assumed with certainty, that by the presence of the chloro- 
phyll in the guard-cells generally, a supply of organic substance is ensured in 
them, which according to circumstances may cause a diffusion current. It will 
require further researches to decide whether this is really suflicient. Besides this, 
however, a direct influence of light upon the molecular condition of the protoplasm 
may come into consideration ; so, indeed, that we may here have to do with a phe- 
nomenon of irritability in the narrower sense of the word. We may imagine that, 
as the intensity of the light increases, the protoplasmic utricle clothing the cell-wall 
becomes more resistant, opposes the hydrostatic pressure of the cell-sap more strongly, 



FIG- 203 1 >. — Stoma seen from above (externally). The 
upper half of the figure shows the fom of a guard-cell 
when the stomA is closed; the lower half that when 

■open- ■,.■■;■■■;■..-■.■: 
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and prevents the filtration of the water from the guard-cells into the epidermis, 
without, however, interfering with the filling of the cells by endosmose; in the dark, 
on the contrary, or even as the intensity of the light diminishes, the protoplasmic 
utricle would, according to my assumption, become more permeable and less 
resistant to filtration, and in consequence of this a portion of its water might be 
pressed out from the guard-cells, previously forcibly distended, through the wall e. 
That such an irritability is not opposed to the phenomena of irritability elsewhere 
existing in the vegetable world will be sufficiently demonstrated by subsequent 
lectures on the irritability of plants. 

To any one ignorant of the facts, the theme here treated of may appear somewhat 
small and insignificant, on considering how extremely minute the stomata are, and 
that the diameter even in the open condition amounts to only a few hundredths 
of a millimetre. Through such extremely fine openings (of which we may ob- 
tain an idea by drawing out glass tubes to hair-like fineness) only extremely little 
water can evaporate or other gas pass even in a long time. But the fact 
is altered when we reflect how extremely numerous the stomata may be on 
the assimilating green foliage-leaves— one hundred to two hundred on a square 
millimetre of the epidermis are common, and they are not rarely much more 
numerous ; so that a leaf say the size of the hand possesses many millions of such 
fine openings, which simultaneously open when the sun shines on the leaf, and 
simultaneously close when it becomes shaded. The alteration in the discharge of 
the aqueous vapour developed in the intercellular spaces, effected by the opening 
and closing under varying conditions of illumination, is enhanced by the warming 
of the tissues of the leaf, which usually accompanies intense illumination, so . that 
an increased formation of vapour then takes place. Consequently the tension of 
the vapour is raised, and it is forcibly expelled from the open apertures. In the 
shade and in darkness, on the other hand, the formation of vapour in the interior 
diminishes as the temperature falls, and the stomata being closed, the vapour at 
low tension is retained ; whence complete saturation of the intercellular spaces with 
vapour must soon occur, preventing the further formation of vapour, especially during 
the sinking of the temperature at night. It scarcely needs mention that all these con- 
siderations can only refer to the stomata on the organs of transpiration ; and that, 
self-evidently, those occurring on subterranean shoots and on parasites containing 
chlorophyll, only come into consideration in so far as they present, since they exist, 
open paths of communication for an extremely slow exchange of gases, and that we 
have here to do with organs of modified or even entirely suppressed function. 

Besides the varying illumination, and the consequent opening and closing of 
the stomata, account has to be taken of many other factors, by means of which 
transpiration may be accelerated or diminished. In the first place, so much is 
clear, that even when the stomata are open, the escape of aqueous vapour from 
them must be less rapid in proportion as the surrounding air is already laden 
with vapour. In other words, transpiration must be diminished by the moisture of 
the surrounding air; it is entirely prevented, however, only when the air is com- 
pletely saturated, and the temperature of the leaves is not higher than that of the 
surrounding air. Were the latter the case, the .-aqueous vapour, expanded even more 
by the higher temperature, could still escape. . Since, further, the formation of vapour 
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from moist surfaces, and thus from the cell-wails which bound the intercellular 
spaces of a leaf, is accelerated by a rise of temperature, transpiration must 
increase with a rising temperature, always provided the stomata be open. According 
to some observations made several years ago in my laboratory, it is not improbable 
that the mere shaking of shoots facilitates the exit of water from the leaves ; this 
is in so far worthy of closer investigation that the significance of the wind, and 
the vigorous shaking of foliage-shoots effected by it, might be explained more 

in detail. That motion of the air 
acts favourably on the transpi- 
ration of leaves, as it does on eva- 
poration from any moist body, is 
obvious on a little reflection ; but the 
shaking of shoots may, in addition, 
favourably affect the mere expulsion 
of the vapour from the intercellular 
spaces. 

More than twenty years ago I fur- 
ther confirmed the- remarkable fact, 
already in part noticed by Senebier, 
that the transpiration from leaves 
1 1 may also be altered by the presence 
of materials dissolved in the water 
which the roots take up Weak 
solutions of those salts which plants 
employ as nutritive , materials,-— e. g. 
potassium nitrate, gypsuni, &c., -—* 
poured on the soil in which the roots 
are, bring about a noticeable retard- 
ing of the transpiration. The same 
takes place when uninjured roots, 
developed in solutions of nutritive 
materials, take up solutions of nutri- 
tive salts instead of pure water. Cul- 
tivated plants in a strongly manured 
soil will therefore in general transpire 
more feebly, and make use of less 
water, than those in a soil poor in 
food-matters. It is at present hardly 
possible to give an entirely satis- 
factory explanation of this fact ; since, although it is known that aqueous vapour 
is given off less easily from a salt solution than from pure water, still the pheno- 



FIG. 204.~ Apparatus for demonstratiugthe suction and transpiration 
of a shoot under various external conditions. The shoot a is fastened 
water-tight into the middle glass tube : at ^ a thermometer is inserted 
in the same way, which, by being pushed in, serves at the same time to 
bring the level [c) of the w'ater in the narrow tube at any time to its 
originariieight again, when it has sunk by the suction of the shoot during 
I*— 5 minutes. If the shoot is large enough, and the apparatus not too 
heavy, it may be placed on a scale and the loss in weight by transpiration 
be determined at the same time. 


^ On the changes in transpiration by the influence of salt solutions at the roots, cp. my treatise 
in the paper, ^ Die LandivirthschaftL Versiickssfationen* 1858, 1 , p. 203, and 'Bot. Zeitung/ i860, 
No. 14. More recent facts are quoted in Pfeffer’s ^ PJlmtzen-physiologie* Bd. i, p. 151, 
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rnenon in question is far being explained by that. However, here again we 
recognise the significance of transpiration for the nutrition of the plant; since it 
is clear that water strongly charged with nutritive salts requires to be supplied to 
the green organs of assimilation in less quantity than if it contained but little of 
these substances. 

In concluding the preceding remarks, and as an introduction to what follows^ 
I may now briefly advert to the question whether the w-ater ascending in the wood 
cell- walls, which evaporates in the leaves, does really carry with it the nutritive 
matters — the sulphates and phosphates of the alkalis and alkaline earths— dissolved 
in it, and transport them into the assimilating cells of the leaves. This question 
is justified, because for a long time the transport of these materials was supposed to 
take place in another manner. It was assumed that the living cells of the root- 
cortex, abounding in sap and containing protoplasm, take up these substances from the 
water of the soil surrounding the roots, according to the laws of endosmosis ; and 
that likewise, proceeding from cell to cell, from the roots right up into the leaves, 
endosmotic processes transport the salts into the organs of assimilation, without the 
co-operation of a continuous current of water. What is here considered is a 
movement of the molecules of salt dissolved in the water, independent of a current 
of the water itself. If we suppose an isolated cell, lying in water which contains 
saltpetre, for example, while none is present in the ceil, then a certain quantity 
of the molecules of this salt will, in spite of the cell-membrane and protoplasm, 
pass into the cell; and if this stands in connection with a series of other cells, 
these also wall gradually take up the molecules of salt. This would take place to an 
extent so much the greater if the salt-molecules were decomposed in the interior 
of the distant cells, and by this means an endosmotic equilibrium prevented from 
re-establishing itself. This form of the movement of material certainly occurs in 
submerged water-plants, in root-parasites growing underground, and here and there 
also in the tissues of the land-plants ; but considerations of the most various kinds 
led me years ago to the view that in transpiring land -plants, and especially in shrubs 
and trees, the vital conditions of the plants could not be correlated in this manner. 
The endosmotic movements of the salt-molecules referred to, are so slow' that they 
could not possibly supply the foliage of a tree with the large quantities of nutritive 
salts which there co-operate in assimilation, and are actually shown to be present 
in the leaves by analysis. When I had fully substantiated the ideas, already pointed 
out incidentally by Unger, that the transpiration current of land-plants moves not 
in the cavities but in the substance of the cell-w'alls of the w'ood, the question 
arose whether the water ascending in the w'ood cell-W'alls is not perhaps pure 
water, or whether it carries with it the soluble salts contained in the soil, and 
conveys them into the leaves. The probability of the latter assumption was in- 
creased by the consideration that we have to deal with only extremely dilute 
solutions — w'ater in which the dissolved molecules of the salts concerned are 
contained only in extremely smalU quantity ; perhaps 1:2000 or even less. 
Further, it w'as to be observed that even in the ordinary endosmotic movement 
salt molecules go through the substance of cell-walls and protoplasm. I w^as thus 
able to conclude, further, that also the few molecules contained in the ascending 
current are carried forward in the substance of the wood w'alls, simultaneously with 
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the water. These considerations receive full experimental confirmation by the 
fact that even a salt (lithium nitrate) not belonging to the ordinary nutritive 
materials answers the condition required by me, and ascends in the wood wails with 
the transpiration current. If, as already mentioned, a weak solution of lithium 
is poured on the roots of a land-plant, the latter continues to transpire, and after 
one or two hours the lithium is already found in the leaves situated fifty to two hun- 
dred centimetres above the roots. If the leaves be cut off and immersed, wdth the 
exclusion of the stalk, in pure water, lithium may be recognised in the water after a 
few hours, having come out of the epidermis by diffusion. It is by no means to be 
supposed that this rapid movement of the lithium in the plant has taken place 
by endosmose from cell to cell : it has evidently ascended with the transpiration 
current in the wood cell-wails, and in the same manner the nutritive salts men- 
tioned are likewise sent into the leaves. What has been said, however, does 
not exclude the fact that endosmotic movements of salt-molecules take place where 
necessary even in woody plants : when the cells of the living cortex, or the 
assimilating cells of the transpiring leaves decompose phosphate of lime or sulphate 
of magnesia and the like, in their interior, molecules of these salts, ascending with 
the water in the w'ood walls, will be able to enter by endosmose into the interior 
of the cells named. We shall obtain a correct idea on the whole if w^e suppose 
that the water ascending in the wood extends in the first place into all the cell- walls, 
even of the parenchymatous tissues of the cortex and leaves, and takes with it the salt 
particles dissolved in it ; thus the cell-contents become surrounded on all sides by 
a layer of water, w^hich is between the molecules (micellae) of the cell-membrane. 
The cell-w^all framework of the entire plant contains at the same time the store of 
water and salts for all the cells. If one of the latter requires w^ater, it finds it in the 
first place in its w'all ; if, on the other hand, it requires a number of salt molecules, 
these also are contained in the water of the cell-wall, and can enter at once into the 
interior. Everything is of course far more simple in submerged \vater-plants, -which 
can take up -water and the salts dissolved in it at every point of their surface ; with 
the slender structure and the numerous large intercellular spaces of the water-plants, 
the path which the materials in the cell-walls have to describe is rarely greater than 
X mm., and even the slowest movement suffices to satisfy the requirement. 

The question has for a long time been ventilated whether the leaves are not able, 
at least under certain circumstances — e. g. during continuous rain, or when they 
are covered with dew— to absorb water and substances dissolved in it. Numerous 
researches directed to this end have yielded no satisfactory result whatever; 
but it is by no means difficult to apprehend the essential points -without that. If 
the whole plant is filled and turgid with water, and particularly the leaves, it is 
not clear how the latter are to take up more water from without; if, on the other 
hand, they are drooping, and not quite filled with water, it depends upon the consti- 
tution of the cuticle whether and how rapidly they are able to absorb water. 
The fact is, that drooping shoots, especially of wood- plants, when inverted and 
plunged in water, so that the cut end of the stem projects, often remain drooping 
for days in spite of the surrounding water, and thus absorb none; and it is 
obvious that this is the case in general so long as a layer of air clings to the 
surface and prevents the wetting of the leaves, If the leaves become actually wetted, 
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however, small quantities of water can also penetrate into the tissue, according to 
circumstances, and even any particles of salt contained in the water may enter. 
This must be concluded with certainty from the fact that leaves permeated by 
lithium nitrate give up the lithium to the surrounding water. The same follows 
also from the fact that drops of water which are allowed to cling to the surfaces of 
leaves show an alkaline reaction after some time, because small quantities of alkaline 
salts have diffused out from the tissue'; and that substances of the most various kind 
penetrate from outside into the leaves, is shown by the extraordinary sensitiveness of 
the latter to vapours of ammonia, chlorine, nitric and sulphuric acids, for example, which 
injure fields and gardens in the proximity of factories to a large extent. But all this 
does not prove that any considerable quantities of water, and salts dissolved in it, are 
conveyed by means of the leaves to the land-plants, and that the activity of the roots 
and of transpiration is supplemented by this means. When leaves and shoot-axes 
droop after a hot day, and again become fresh as the sun goes down, this happens 
in no case by the absorption of aqueous vapour from the air which has again become 
moist; but simply depends upon the fact that with diminution of the transpiration 
the turgescence of the organs becomes restored by the continued supply of water 
from below. 

It appears from what has just been said, that the normal supplying of land- 
plants with water and nutritive matters dissolved in it, is the function of the roots 
distributed in the earth. The peculiarities and difficulties, to be spoken of afterwards, 
with which the absorption of these matters from the soil is connected, as well as the 
very large quantities of w^ater which must be absorbed, evidently constitute one of 
the causes which bring it about that transpiring land-plants containing chlorophyll, 
in contrast to the water-plants and parasites, produce such copiously branched root- 
systenis, consisting mostly of hundreds and thousands of individual root-fibres. I have 
expressed myself more in detail concerning this in a previous lecture. The copiousness 
of the root-system corresponds simply to the extent in surface and function of the 
organs of transpiration. Where, as in submerged water-plants, transpiration is 
completely wanting, only very few roots or none at all exist; and in the former 
case these serve in the lower plants (Algae), as has been shown previously, only as 
anchoring organs. The floating plants provided with an evaporating surface (e. g. 
SiraiioteSy Hydrocharis, Lemnd) have, it is true, more or less developed roots, the 
function of which, however, is but little in demand, because the leaves only transpire 
feebly in the moist atmosphere ; and, on the other hand, the roots surrounded by 
liquid water can absorb it without hindrance. Bog- plants are also in a similar 
position with regard to the activity of their roots : the crown of leaves, it is true, 
transpires considerable quantities of water, but their roots are in a soil completely 
saturated with water, and are able to absorb it unhindered. They are in fact much 
more abundantly rooted than the floating and submerged water-plantsj but still are 


1 With regard to the alkaline reaction of drops of water placed on living leaves, and the fact, 
already discovered by Theodore de Saussure, 1804, that alkalies can he washed out of living leaves, 
more is to be found in my treatise, * Ueber atkaliscM und same Rcaktionen der Sdfte kbefidcr 
Pflanzenzellen: Bot. Zeitung, 1863, p. 25,7. 
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provided with root-iibres, not so numerous by far or so densely filling up the soil as 
in the case of the proper land-plants. It is characteristic of the mode of life of the 
latter that they only flourish, as a rule, when their roots are distributed in a soil which 
is relatively dry, and only incidentally saturated with water. Thus, just those plants 
which exhale the largest quantities of aqueous vapour by means of their assimilating 
leaves are adapted by their roots to a soil in which relatively little water is contained 
ordinarily, and especially at the time when most water is made use of. In order to 
understand this completely, it is to be noted that it is in the months of May, June, 
July, August, and September that the transpiration and nutrition of our cultivated 
plants, field plants, and forest trees are particularly active, that is, at a time when the 
earth is completely saturated with water by the rain only now and again, while weeks 
and months often pass, during which these plants are necessitated to take up by vigor- 
ous transpiration large quantities of water from a soil which, as the most superficial 
inspection shows, contains relatively only small quantities of that liquid. And this 
apparently unfavourable circumstance is really quite necessary for the well-being of 
the truly terrestrial plants; since, as is w^ell known, fields of which the soil is too 
damp are made in a high degree favourable to vegetation by drainage, and the like 
is true of gardens and forests. The cultivation of plants in greenhouses and rooms 
also teaches that land-plants which are rooted in flower-pots very easily perish from 
rotting of the roots if they are w’-atered too often ; and it is one of the most 
elementary rules of the cultivation of plants in pots, to let the earth in the latter 
become very dry each time before fresh water is poured on. The roots of land-plants 
thus properly carry on their functions continuously only when the soil surrounding 
them is as a rule relatively poor in water ; although a complete saturation of the soil 
for a short time does not at once act injuriously. The condition normally favourable 
for the roots of transpiring land-plants is therefore this; that they are distributed 
in a soil which, in addition to small quantities of \vater, contains at the same time 
spaces filled with air, by means of which the respiration of the roots is maintained. 
Very often, however, during long continued drought, the quantity of water contained 
in the soil sinks so low that the latter appears almost air-dry; and it seems scarcely 
intelligible how the roots are able to extract from it the large quantities of water 
transpired through the leaves. It thus concerns us to obtain an accurate notion’ 
as to how the roots of land-plants accomplish the absorption of such large quantities 
of water, from a soil relatively poor in w’-ater. I made this problem the subject of deep, 
reflections and experiments so long ago as 1859 b and presented the results in a con- 
nected form in my Handbook of the Experimental Physiology of Plants^ 1865. The 
figure already employed there to illustrate the behaviour of the roots in the soil, may 
here again serve for further explanation. For the absorption of water, it is only the 
younger portions of the individual root-fibres, distant some centimetres from the 
root-cap, which essentially come into consideration — parts w^hich, not yet covered 
with periderm, are provided wdth thousands of root-hairs. It is these root-hairs 
which bring about the immediate connection of land-plants with the soil which 
nourishes them. We may therefore confine our considerations to the behaviour of 


, * For the behaviour of capillary wafer in the soil, I refer to my treatise in the paper, 
^ handivirthschaftl, Versuchsstationen^ Heft. IV, p. i. 
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a single root-hair, which has been protruded from a young root inio the >urroiinding 
soil. . ' ■ . . . 

In Fig. 205, is the epidermis of a root which has grown perpendicularly down- 
wards; the root-hair has been developed as a protuberance of an epidermal cell, 
and at 2 and y it is closely applied to single particles of soil, as seen bel<3w. The bodies 
T, shaded dark, are microscopically small particles of earth, between which are cavities 
containing air— left completely white. Each particle of soil is enveloped by a thin layer 
of water, which is held fast by surface-attraction : where the attraction of neighbouring 
particles of earth co-operates at the re-entering angles, these otherwise thin layers of 
water form thicker masses. These aqueous spheres are indicated in the drawing by waved 
lines (as at /3 and 7). The surface of the root-hair is also (as at a) clothed with a thin layer 
of water, and its walls are saturated with that fluid; the spaces left white are filled 



fig. SO5. 


with air. Let us now regard the root-hair for a moment as inactive, and suppose no 
disturbance at all to be taking place in the soil. Then all the aqueous spheres of the 
particles of earth are not only in contact with one another, but also in equilibrium. 
If we were to take away the layer of water at 7, for example, the equilibrium would 
be disturbed throughout the entire system, and water would flow from b and ^ 
and other places, towards 7, until the forces were in equilibrium. If we now assume 
the root-hair h k to absorb the water a or r, this penetrates through the membrane 
into the interior of the hair, or it moves along r, a, Sj in the substance of the wall 
itself : the surface of this wall at a or r thus possesses less water than corresponds to its 
power of attraction. It attracts it, therefore, at the spot r : this then absorbs water from 
ft and the movement proceeds towards 7 and ft until the molecular equilibrium of 
all the aqueous spheres is again established. By this means they all become thinner 
and thinner, and the soil as a whole drier. This desiccation, however, may make itself 
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evident not merely in the immediate neighbourhood of the root-hair, but at the same 
lime affect tlie more distant parts, since by the absorption through the root-hair at 
a or r, a continuous flow of the adherent water of B takes place towards y, /3, and a. 
This assumption is supported by the observation that the earth of large glass vessels 
in whicli plants are grown, dries up not merely in the immediate neighbourhood of the 
absorbing roots, but, so far as the colour of the earth allows us to recognise it, 
the desiccation increases equally in all parts even far from the roots. This move- 
ment of water on the surfaces of the particles of soil, easily deduced from molecular 
forces, is confined therefore not simply to microscopic distances. Every root-hair is 
itself the centre of a current directed from all sides towards it; and at the surface 
of a small piece of root covered with thousands of root-hairs there results a similar 
movement, which carries the aqueous particles in the soil from all sides, but especially 
radially, towards the axis of the root. 

If we suppose the aqueous envelope of a particle of soil to consist of several 
very thin layers, a, h, c . . . . according to its thickness, so that n is the outermost, 
and a the one immediately in contact with the particle of soil; then the water 
molecules of the elementary layer will be attracted with a maximum force, and 
in the layers 3 c, &c., further removed, this attraction diminishes progressively ; 
and if n represents the outermost layer, when the soil is just saturated with water, 
the molecular attraction in it is only just great enough to prevent the water 
from dropping off. In the case last assumed, wEen an absorption of w^ater takes 
place at a or r, the outermost layer of the aqueous spheres moves first, in order to 
restore the disturbed equilibrium of the whole system, and flows towards a and r; 
because this outermost elementary layer is most loosely held, and is therefore most 
easily put in motion. The more water the root-hair has already taken up, the thinner 
are the aqueous spheres of the entire system, and the greater the force with w^hich the 
elementary layer now outermost (r, for instance) is held fast ; and the greater must the 
forces be wdiich draw the W'ater into the w^all of the root-hair, and the more difficult 
and slow the transmission of a disturbance from a to ft y, and d. A condition of 
the aqueous envelopes may finally ensue, wdiere the elementary layers still remaining 
are held so fast by the particles of soil that no more water enters the wall of the 
root-hair. In this case, their surfaces may possibly be still clothed with a very thin 
layer of fluid, wiiich indeed is w'anting to no saturated body. If now the root is 
in connection with a leafy stem above ground, transpiration from this organ wall go 
on removing w-ater from the plant; this loss, howwer, under the circumstances 
given, can no longer be compensated by absorption on the part of the root, and the 
interior of the plant becomes deficient in water, the cells, no longer sufficiently turgid, 
become flaccid, and the leaves droop. Conversely, it is also possible under 
certain circumstances to conclude from the drooping of the leaves, and from 
the quantity of w^ater knowm to be contained in the soil, as to the condition w^hich 
denotes equilibrium between the suction of the root and the forces of adhesion 
in the soil 

I have in a few cases sought to determine the, percentage of water contained in the 
soil wflien Tobacco plants rooted in it were no longer in a condition to withdraw 
the minimum of water from it. This takes place when the leaves droop in a moist 
atmosphere,, even at night, and therefore w'hen the loss by transpiration is very 
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small and llie cooipensaiion afforded by means of the roots is at a iTiinimiini ; 
wiicii this is no longer afforded by the roots, equilibrium has nearly set in 
the absorbing forces at the surface of the root and the absorptive ponx-r of the soil 
for water. The carrying out of such determinations cannot from their very nature 
be quite exact, and thus the following numbers are only inten^Icd to afford a definite 
idea of the matters described. Under certain cireumstances a }’Oung' Tobacco 
plant began to droop w’hen the soil, a mixture of sand and black beech luimus 
(in a room), still contained i 2 * 3 < 5 /o of its dry weight of water, determined at loo'U. 
This soil, dried at loo^^C., was able, however, to retain 46^Yo of its weight of 
water by adhesion. Consequently, of the possible amount of water in this soil, 
only 46 — 12-3 (i. e. 33-7^0) was at the disposal of the Tobacco plant; the 
12*30/0 of the imbibed water still present was held so fast, that the roots were 
no longer able to take it up. 

Another almost similar Tobacco plant, standing near this, drooped during 
a rainy night, when the loamy soil surrounding its roots still contained 80/0 of water ; 
100 grammes of this loam, however, were able to retain 53-1 grammes of water by 
adhesion or absorption ; accordingly this soil, saturated with water, gives up to the 
plant only 52*1 — 8 (i. e. 44*ig/o) of its water. 

Under like conditions a third Tobacco plant drooped when its roots were in 
coarse-grained quartz sand, which, in 100 parts of its weight, still contained 
1*5% water. This sand, dried at 100^ C, was able, however, to retain 2o*8g/o 
water; consequently 20*8- 1*5 (i. e. 19*3^0) of water altogether were at the disposal 
of the plant, after saturation of the soil had taken place. 

The more the last remnant of water adheres to the particles of soil, the greater 
also will be the amount of water contained in the soil at the time when the 
root is no longer able to extract water from it; the humus soil still contained 
at this time 12*30/0, the loam 80/0, the sand only 1*50/0. Since the drooping 
only took place when the soil showed this poverty in water, these examples 
demonstrate that the Tobacco roots still withdraw at least small quantities of 
water from the soil up to the lime when the soil is air-dry, since the propor- 
tions of water named correspond approximately to the air-dry condition of such 
soils; and these researches show at the same time that plants still withdraw 
water from the soil even when it is no longer possible to squeeze any out of it 
by pressure. 

From these facts, now, it is to be seen that it is by the intimate contact or attach- 
ment of the root-hairs with the particles of soil that they succeed in sucking up into 
the plant the extremely thin layers of water of the latter. This union of root-hairs 
and particles of soil has, however, still another very important significance. Only 
by this means are they enabled to take from the soil the nutritive materials 
necessary in addition to the water. In fact, certain materials indispensable for 
the plant, such as sulphates of lime and magnesia, as well as extremely small 
traces of other nutritive salts, are without doubt dissolved in the thin layers of 
water which surround the particles of soil: this follows from the fact that the 
water running off from the drain pipes of tillage soil contains these substances. 
But a number of the most valuable nutritive materials are held so fast in vegetable 
soil,’ that it is impossible to wash them out with such quantities of water as are 
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conveyed to them by the rain. These materials (chiefly potash, ammonia, phos- 
phoric acid, and the less important silica) are found in the soil in a peculiar 
combined condition: they are, as we are accustomed to say, absorbed. An 



Fig. ao6. Seedling of Wheat plant. Fig. 207, The same four weeks older. the seed coats, &c ; w the apices 
of roots not yet furnished with hairs; e parts attached to the soil (in. Fig, ao6). In Fig. 207 the hairs are. already 
perished on these parts, e' younger parts of roots attached to soil. 


illustration of this fact^ is obtained most easily by filling an ordinary funnel 

. A On the absorption and taking up of absorbed matters, a very thorough account is found in 
my ^ Handbuch der ExpeHniental-physiologiCf 1865, p. 178. The corresponding section in Pfeifer's 
^ Pfianzen-physiologie'' (i88t) shows that essentially nothing new is to be added concerning the 
subjects mentioned in the previous arid following notes. 
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with about a kilogramme of damp soi! from a field or garden, and then pouring- 

over it a w-eak solution of potash salts, phosphates, or ammonia compounds. 

If the fluid running off below be then examined, only slight traces of the materials 

named are found in it, or even none at all; though lime and magnesium sulphate 

are generally present in large quantities. It 

is therefore necessary to pour on very con- Vj 

siderable quantities of pure water, in order i i s 

to gradually wash out again part of the ' i 

materials previously held fast in the earth; |j 

the soil of vegetation thus acts on these i 

nutritive materials of plants, as animal | 

charcoal on colouring matters and other | 

chemical compounds. j! 



FIG. 208, — Seedling of White Mustard., ^ is FiG. 209. — Root*haIr of a seedling of Wheat 

taken out of the soil and shows the particles of soil ’ closelyattached to particles of soil (highly magnified, 

clinging to the root hairs : in B these have been re- cf. Fig. 206). 

moved by washing in water. 

Meanwhile it is of little interest for us to know in how far purely chemical 
or even molecular forces come into consideration in the absorption of the materials 
in the soil So much is at any rate established, that chemical compounds of 
potash, ammonia, and phosphoric acid, are retained with great force on the 
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surfaces of the small particles of soil, forming extremely fine coats on them. 
But it is these substances which must be taken up by the root-hairs, and it is obvious 
that this is only possible by the root-hairs coming into the closest and most 
extensive contact with the particles of soil. Since the nutritive materials clinging 
to the particles of soil are not soluble — or but very slightly so — in the layers of 
water, the root-hairs, as they apply themselves fast to the surfaces of the particles, 
must themselves effect the solution of the absorbed materials. This they ac- 
complish by means of the extremely thin membrane of the root-hair being- 
permeated with an acid fluid, which, coming in contact with the surfaces of the 
particles of soil, renders soluble the molecules of absorbed materials adhering there : 
it thus becomes possible for these substances to penetrate into the root-hairs accord- 
ing to the laws of diffusion, and thence to pass over into the stream of sap, to be 
carried finally to the organs of assimilation. That the root-hairs are, as a matter 
of fact, able to bring the whole of the potash salts and phosphates necessary 
to vigorous vegetation from the absorbed condition into the plant, may be easily 
demonstrated by repeating an experiment first proposed by Naegeli in i86i. 
I am accustomed to make the experiment in the following w’ay: bits of peat 
which, according to chemical analysis, contain practically no potash salts and 
phosphates, are laid for some days in a 1-2 per cent, solution of any .potassium 
salt (e. g. potassium phosphate), or even in a solution of a complete nutritive 
mixture such as we shall learn more about later on, until they are completely 
soaked. The bits of peat are now lixiviated for some days in pure water, fre- 
quently renewed, until the latter no longer contains any traces of potassium and 
phosphoric acid: they are then broken up into small pieces, and a large flower 
pot filled with them. Seeds of Maize, Wheat, Tobacco, Hemp, Gourd, Beans, or 
other plants are now sown in this medium. It suffices to water in the usual 
manner with ordinary spring water, which is always rich in sulphates of lime and 
magnesia, or with a very dilute solution of gypsum, magnesium sulphate, and calcium 
nitrate in distilled water. On the completion of germination the plants then go 
on growing as in good garden soil, and attain to complete development and 
vigorous production of seeds; while plants of the same species cultivated in a 
similar manner, except that the peat soil had not previously absorbed any phosphoric 
acid and potassium salts, remain exceedingly feeble, and languish. Such experi- 
ments prove that the quantities of phosphoric acid and potash necessary to 
vigorous development are taken up by the root-hairs from the surfaces of the 
pieces of peat 

By means of the acid fluid which permeates the walls of the root-hairs, the 
latter are able to dissolve even solid and crystallised minerals. In the year 1859 
I showed^ that roots which become closely applied to the polished surfaces of 
marble plates, corrode them, so that after some time a corrosion figure of the roots 
is obtained on the marble surface. Of course it is not to be supposed that these 
corrosions penetrate to any considerable depth ; they are evident rather only 
as, extremely fine rugosities on the polished surface. I subsequently showed that 


^ I first drew attention to the corrosion of polished stone plates, ZeiUmg^ i860, p, 118, 
&c. More details in my ^Experimental-physiologies p. 188. 
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similar corrosion figures are to be obtained also on polished siirfaivN of Dolo- 
mite (a rnistiire of calcium carbonate and magnesium car]>onaie), of i\Iagrics!ie 
(crystalline magnesium carbonate), and of Osteolite (eartln iipadte, rhis'Oy Iribasic 
calcium phosphate) when the roots of Beans, Maize, Wheat, Gourd, Tropmlum. 
Peas, and others are caused to apply themselves closely, arul grow over the 
polished surfaces of these stones. The experiments were made by laying the 
plate of stone, with the polished surface turned upwards, at the bottom of 
a vessel 10-15 c.m. deep ; filled with clean washed sand, and 

several seeds placed in the latter. With sufficient moisture the radicles grow 
vertically downwards until they abut upon the polished surface ; there they 
bend to one side, grow on horizontally, clinging to the polished surface, and 
form lateral roots which likewise become closely attached. When after 8-io 
days, ' in summer, the vessel is upturned, and the stone plate carefully washed 
and dried, the corrosion figure of the roots is seen on the polished surface. 
The experiment succeeds with such certainty that it may be used for demonstration 
in lectures. 

It follows from these facts that the root-hairs, when they meet in the 
soil wth small pieces of stone which contain carbonate of lime, compounds 
of phosphoric acid, magnesite and dolomite, dissolve small quantities of these 
salts at their surfaces, and carry them, into the plant. Since now the soil of 
vegetation is a very various mixture of small particles of stone with organic 
remains, so-called humus, different hairs of the same root, and likewise the hairs 
of different roots of a plant, find opportunity here and there of taking up sometimes 
chiefly phosphates, at others potassium compounds, &c., and conveying them into 
the sap of the plant. In this, each individual root-hair of course accomplishes 
but very little ; the quantity which it is able to take up will perhaps only amount 
to the millionth part of a milligram. As we know already from previous study, 
each root-hair remains capable of action but a few days ; however, on a plant 
even of inconsiderable size there are millions of active root-hairs, and as the 
older of these die, millions of new ones appear in their place, to use up portions 
of the soil not yet laid under contribution. We must here remember wffiat 
was said in the organography of the roots, that behind each root-apex as it 
grows forward in the soil, new root-hairs are continually arising, while the older 
ones further behind on the root perish (Fig. 207). Since now, at the same time, 
new root-fibres spring in various directions from those already existing, and 
extend in the soil, new portions of the latter are continually being placed in 
requisition by the root-hairs; and thus the whole of the soil, permeated by the 
thousands and hundreds of thousands of fine root-fibres of a plant, is gradually 
used up. 

The roots thus evidently contribute to the chemical decomposition of the solid 
particles of stone in the ,soil of vegetation,— a process which proceeds at the 
same time slowly by means of the carbonic acid contained in the soil, and of 
the nitric acid contained in the rain water ; and if the rotting remains of 
vegetation are again incorporated in the sdil, the vegetable mould must in this 
way continually become richer in soluble and absorbed nutritive matters. This 
influence of plants on their mineral . substratum is clearly evident where Lichens 
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and Mosses attach themselves to the free surfaces of rocks, e.g. on high moun- 
tains. The solid crjstallme surface of the stone becomes gradually converted, by 
the activity of the roots of these plants, into a friable crumbling loose substance, 
which continually penetrates deeper into the stone, and so presents a substratum 
in which even the stronger roots of larger plants can then obtain a hold. 
In a certain sense, the roots thus behave towards the mineral constituents of 
the soil much as the roots of parasites behave towards the tissues of their host 
plants; we shall return to this subject later, however. 

If we now throw another glance on the matters treated of in the present 
lecture, the fact is clearly demonstrated that the plant undertakes the absorp- 
tion of its nutritive matters by means of its own activity, and is by no means 
simply passive. In the first place the root-hairs, after they have become closely 
applied to the particles of soil, have to take up the water clinging fast to 
the latter, as well as the equally closely attached nutritive substances. The 
next step is to convey these substances to the assimilating organs, the 
green leaves. The wonderful properties of the wood cell-walls, which are 

comparable with nothing else, permit the ascent of the water and the small 

quantities of salt dissolved in it through the stem up to the leaves, but only 
in so far as these latter themselves regulate this movement according to their 
needs: when strong light promotes turgescence in the sensitive guard-cells of 
the stomata, causing them to open, the aqueous vapour escapes from the inter- 
cellular spaces of the leaf simultaneously with the oxygen of the decomposed 
carbon dioxide; and as assimilation thus commences, the ascending water cur- 
rent is set in motion by this continued open condition of the stomata, and, 

starting from the apex of the root-hairs, conveys the constituents of the soil 

which are indispensable in assimilation into the tissues of the leaves containing 
chlorophyll 

That the roots are not merely passively concerned in the absorption of water 
from the soil, but are independently and actively engaged in it in consequence 
of certain irritabilities, I convinced myself first in the autumn of 1859, 
serving^ that the leaves of plants of Tobacco and Gourd rooted in flower-pots 
drooped when the earth was cooled down to a few degrees above zero, and 
thus absorbed less water than was requisite to cover the feeble transpiration. 
The warming of the flower-pot sufficed to increase the absorption of water so 
far that the drooping leaves again became turgid. This phenomenon can also 
be brought about in summer, if the pots in which sensitive plants are rooted 
are cooled by surrounding them with pieces of ice. It is not all plants however 
which are provided with roots so sensitive to temperature, but only those, as it 
appears, which come from warm climates. Cabbages, for instance, and other native 
plants did not droop when I cooled their roots. On the other hand, again, 
it is certain that in all plants the absorbing activity of the roots is invigorated 
by an increase of temperature up to 25^—30'' C ; as is apparent, for instance, 


^ I have described the drooping of leaves when the roots are in earth too cold for them in the 
paper, Lmdmrthschafiliche Versuchsstaiiomnl 1859, I, p, 23S. 
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from my success in causing a great number of very different plants to excrete 
water at the edges of the leaves in the form of drops, by warming the roots — - 
the consequence • being a vigorous absorption and forcing up of the water into 
the leaves. 

The excretion of drops here mentioned I shall consider more in detail 
in the next lecture. 
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EXCRETION OF WATER IN THE LIQUID STATE. 

Although the phenomena to be treated of here are far less important for the 
life and maintenance of the plant than transpiration — i. e. the excretion of aqueous 
vapour by land-plants — it is nevertheless worth while to examine more closely 
the excretion of liquid water which takes place in plants under very various 
circumstances; especially since it affords us a deeper insight into relations of 
structure and of mechanical arrangements in the plant. From this point of view 
the excretions of water termed ‘ bleeding ' and ^ weeping ' particularly excited the 
interest of the older vegetable physiologists at the end of the seventeenth and 
beginning of the eighteenth centuries. 

By the terms Bleeding and Weeping are designated those excretions of water 
which occur under certain circumstances in consequence of injuries, generally such 
that %vater is exuded in greater or less quantity from fresh transverse sections 
of the wood. Two essentially different cases have to be distinguished, however, 
viz., first, the case in which water is exuded from the 'wood-body in consequence 
a rise of temperature, and in w^hich, above all, the activity of the roots does 
not take any part ; and secondly, the case w^here, from wounds in the wood, 
relatively large quantities of water are exuded during long periods, which did 
not previously exist in the wood, but must first have been absorbed by the roots. 
The first phenomenon, which I shall name the bleeding of w^ood in winter, can 
be produced just as well with isolated cut-off pieces of wood as with rooted 
woody plants; 'while the other phenomenon, which I distinguish as the weeping of 
the root-stock, only occurs in vigorous, rooted, living plants, although similar exuda- 
tions of water, but very much less in quantity, may also occur under certain 
circumstances with separate portions. 

The bleeding of wood in winter^ is observed in its most typical form if, on 
a cold but frostless winter day, a portion of a branch of a tree {Rka 7 ?inuSj 
Hazel, Pine, Walnut, Birch, &c.), about 25-50 centimetres long and 2-5 
centimetres thick, is cut off, and the two cut ends smoothed with a sharp knife. 
Outside in the cold air the smooth sections appear relatively dry, and no 
liquid water is to be seen, even at. the lower section, when the piece of branch 

^ Cp. my treatise, ^ Quellungserscheinungen an Hohern* (Bot. Zeit. i860, p, 253), where the 
older literature is collected also. The explanation of- the phenomena there described by me is found 
in niy treatise, ^ Uber die Porositdt des Rohes'* (Arh dcs bot. Inst, in Wzbg. B. II, p. 291). 
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is held vertically. When the object is brought into a warm room, however, or, 
still belter, wrapped in a warm cloth, clear water gradually oozes out frean the 
wood at the lower cut end ; and if the latter is then held for some few minutes 
through the opened window out in the cold air, the exuded waiter is plainly seen 
to be slowly sucked in again, until the surface of the section appears distinctly 
dry. If the cold piece of branch is placed in a cylinder of warm whaler at 
25 — 30'^C., so that only the upper section protrudes, water again oozes forth ; this 

occurs first at the most external layer of the wood and then progressively oozes 

from the inner and older rings of the alburnum, in accordance with the progressive 
warming from without inwards* Small bubbles of air come out of the vessels 
with the water, and are forcibly ejected. If the object is lifted out and at once 
brought in the same position into a cylinder of cold wvater, the layer of water on trie 
cut end then sinks again into the wood; again also progressively from without 
inwards as the cooling effect penetrates, until the section appears dry. 

From this simple experiment several things are to be learnt. In the first 

place, it is by the warming of the wood that water is expelled at the cut end; 

and in fact the water is driven from the warm to the cold place. In accord- 
ance with this, cooling brings about the re-absorbtion into the wood of the 
expelled water. Secondly, detailed studies in the winter of 1859 showed me that 
the quantity of w^ater expelled always represents only a relatively small proportion 
of the total quantity of w^ater contained in the wood. It is obvious, and is 
demonstrated by observation, that the phenomenon only appears at all when 
the wood contains relatively large quantities of whaler. The poorer in w’’ater it is, 
the more it must be warmed to bring about the emission of water. As Flofmeister 
first recognised, basing his opinion on my observations, the wFole phenomenon 
depends chiefly upon the expansion of the air contained in the wood. We saw 
in the lecture before last, that the wood-cells, even of w^ood very rich in water, 
are never entirely filled with w^ater; but that a portion of their cavity is occupied 
by air-bubbles. It is the expansion of this air, saturated with aqueous vapour, 
which forces out the water from the wood-cells; and the cooling of these air- 
bubbles, bn the other hand, effects the suction by which the water is again drawn in. 
That the change of volume of the water itself is far from sufficient to explain the 
quantity driven out, I had already established by my investigation. Since, however, 
the wood-cells are closed on all sides, and the vessels may here be neglected for 
the time being, and since the phenomenon appears also in the wood of Conifers, 
which has no vessels, the water driven out by the expansion of the air-bubbles 
in the wood must obviously be forced through the cell-walls themselves; this, 
of course, will take place most easily and rapidly through the thin portions of wall 
which close the pits. With a slight rise of temperature, now, the force with 
which the air-bubbles drive out the water is relatively feeble; and from the 
fact that the water filters with facility through the wood cell-walls, we draw the con- 
clusion that wood, even when it contains no vessels, must be in a very high degree 
permeable. In how high a degree this i$,the case I convinced myself^ some 

^ With respect to the extraordinary facility with which the filtration of pure water takes place 
through fresh wood, further facts are also to be- found in the treatise last cited. 
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years ago, with fresh, vigorous pieces of living Pine. When a film of water was 
placed with a brush on the upper transverse section of a piece of the stem even 
I — 3m. long, it sank in a few seconds into the wood, while an equal quantity of water 
appeared at the lower section, — a proof that the smallest pressure can be equalised 
by means of filtration through the w^ood* By this and other experiments I con- 
vinced myself, also, that the spring wood of the annual rings is more permeable by 
far than the autumnal and heart w^ood. 

I may take this opportunity also of mentioning the very remarkable fact 
that the air in the wood-cells, as well as in the vessels of living plants, is in a 
high degree rarefied — a fact which I had already stated hypothetically in 1865, 
but which is now better known, and can be easily demonstrated. The simplest 
proof that the air in the wood-cells exerts a feebler pressure than the atmosphere, 
lies in the fact that a freshly cut piece of wood, when laid in water of like 
temperature, absorbs it eagerly, as may be easily proved from the increasing 
weight of the wood. This absorption, however, is simply nothing further than 
the forcing in of the water by the pressure of the external air, which, in its turn, 
can only exert this influence when and so long as the tension of the air contained 
in the wood, together with its aqueous vapour, is feebler than the pressure of the 
atmosphere; or in other words, if the air-bubbles saturated with vapour in the 
wood had the same tension as the atmospheric air, it is by no means obvious 
how fresh wood, the cell-walls of which are saturated with water, and the cavities, 
at least in part, filled with it, could still take up water; and this is, of course, still 
much less the case if the cavities of the wood were already quite full of water. 
In 1874 Hohnel made known the remarkable fact that when a branch of a living 
plant is bent clown into a bowl of mercury, and there cut through, the mer- 
cury penetrates far into the vessels. In a few seconds the mercury pene- ^ 
trates several centimetres into the vessels of both parts of the shoot, and so 
much the further the wider the vessels are. If the capillary repulsion between 
the vascular walls and the mercury is also regarded, one is led to the conclusion 
that the latter must be forced into the vessels by a considerable pressure, or, if 
one will, suction. The pressing force, however, is no other than the pressure 
of the atmosphere on the mercury; and this is only in so far effective as the 
pressure of the air in the vessels is smaller, or, in other words, because the air 
in these is rarefied. The rarefaction may be very considerable, and Hohnel 
calculated from his experiments that the pressure of the air in the vessels may 
sink to I or even | of the atmospheric pressure; and I have sought to make 
it probable that, under certain circumstances, younger vessels and wood-cells may 
even be completely empty of air and only contain aqueous vapour h In fact, 


^ I have already propounded my view that wood-cells and vessels may he devoid of air under 
certain circumstances in ^ Arbciten des hot. ImL in Wzbg.^ (II, 1879, p. 324). I may simply add 
one remark here. When, on the death and disappearance of the protoplasm from wood-cells and 
vessels, the watery sap contained in their cavities comes into immediate contact with the lignified 
walls, it is imbibed under the influence of the neighbouring wood cell-walls. The water contained 
in the recently developed wood-cells and vessels enters into the ascending transpiration current and 
is carried forward by this. The imbibing force of the wood cell-walls here effective, however, is, 
as we know already, enormous, and may be able to withdraw the water from the fresh wood-cells 
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air from without can only penetrate into the cavities of young vessels and wood- 
cells with difficulty, when the latter lose the protoplasm and sap with which they 
were previously filled. IMeanwhile, without entering more into detail respecting this 
point, it is obvious that the air in the wood-cells, which is always rarefied, must become 
still further expanded and rarefied if a great portion of the water contained in them, 
is quickly conveyed through the wood cell-walls to the transpiring leaves. Hohnel’s 
experiment, moreover, as I have shown, may be made more evident so far as 
the vessels are concerned, with dark solutions of colouring matter; and again, 
I have, by cutting off the branches of living Conifers under a solution of 
lithium, also been able to convince myself that this solution quickly penetrates to 
a considerable distance into the wood-tissue. This is to be recognised by tlie 
spectroscope, in the manner previously indicated ; and demonstrates anew that 
the air in the w^ood-cells as well as in the vessels is rarefied. 

It is clear that these facts may be employed to explain several still obscure 
phenomena concerning the water contained in the wood of living trees. The 
obscure facts to which I here refer consist, not in that the water ascends in the 
wood cell-walls up into the crown of the highest trees, since this, as we saw 
before, is quite intelligible from the imbibing force of the wood cell-walls : it has 
been hitherto unintelligible, however, how the liquid ’^ter comes into the cavities of 
the wood-cells. If only woody plants of a few metres high were concerned, or the 
lower portions of a tall tree stem, one might believe that the rarefaction of the 
air in the wood-cells acts as a sucking apparatus. But every such suction is simply 
nothing more than the difference of pressure between the atmosphere and the 
rarefied internal air. Thus, if the cavity of the wood-cells were entirely empty 
of air, and devoid of aqueous vapour, the suction, or, what is the same thing in this 
case, the whole external pressure of the air could only force the water about 
ten metres high in the wood of the stem, even if the cell-walls opposed no 
resistance. 

It still remains unexplained, moreover, how the action of the atmospheric 
pressure on the surfaces of the root is to be imagined. Moreover, the wood- 
cells situated much higher in a tree contain liquid water, in addition to air, and 
this at any rate cannot be explained so simply by differences of atmospheric 
pressure. 

Meanwhile, I] only bring these doubts forward here because they render 
clear the question with which we are concerned. Sooner or later it will yet be 
shown that the rarefaction of the air in the wood, in combination with peculiar 
^arrangements not understood hitherto, brings it about that liquid water gets into 
the wood-cells, even at considerable heights. Concerning this, also, I may mention 
that the rarefaction of the air is easily observed even in the vessels of small 
herbaceous plants; and that a fact so general can certainly not be accidental 
and without significance for the life of the plant. Whether it may be regarded 


and vessels with such force that the latter become completely empty. Vapour under a pressure 
corresponding to the temperature alone remains in thrir cavities. When observations show that 
air (though very much rarified) is contained -in: the cavities of wood, this must have penetrated by 
slow diffusion from the exterior. 
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as promoting the movement of the imbibed water in the ' iignified celhwalls may 
well be conjectured, but cannot be proved. 

If we bear in mind the phenomena observed on warming and cooling a piece of 
wood cut off in winter, it is clear that within the stem of a living tree, movements of 
water will also occur in the interior of the wood, through the unequal warming at 
different heights which must necessarily occur with sudden changes of temperature. 
When, for example, the sun shines on a tree after a cold night, the thinner branches 
are more rapidly warmed than the thick stem, and the water is driven from them 
into the latter ; and conversely, with the increasing cold of night the branches become 
more rapidly cooled than the thick stem, and take up water from the latter. With 
a rise of temperature in winter, tension in the wood generally must occur, since the 
air-bubbles in the wood-cells on becoming warmed tend to force the \yater through 
the w^alls, which is prevented by the cortex. If, how^ever, a hole penetrating as far as 
the alburnum is made with an auger, and an exit-tube, bent downwards and opening 
at the bottom of a flask, is placed in it, these effects of changes of temperature may 
be made visible. As the temperature rises, Avater flows out of the hole into the 
flask; this has simply been expelled by the expanding air-bubbles of the wood. 
On the recurrence of cold weather, however, the air-bubbles contract; and the 
consequence of this is that the water which had flowed out into the flask is 
again sucked up through the tube into the wood. Although, as was shown above, 
the water expelled by the rise of temperature is always only a small portion of that 
present in the wood, nevertheless several litres of water may be driven out from 
a large tree in an experiment of this kind, if the increase of temperature is suf- 
ficient, since the water contained in the wood of a large tree may certainly amount 
to hundreds of litres. Moreover, the phenomenon need not be confined to the 
winter; it may continue also in the spring, and even in summer (e. g. wdth the 
Birch), since it only depends upon how much water is contained in the v/ood, and 
upon the corresponding changes of temperature. The characteristic fact of this 
kind of bleeding, however, simply lies in that it takes place even in winter, and 
independent of the period of vegetation. 

The second kind of bleeding, or the weeping of the root-stock, is distinguished 
from that hitherto considered, in that it only takes place during the period of proper 
vegetative activity, when the roots have already commenced to absorb water from 
the warm soil. This phenomenon has been observed in the Vine from of old. 
In spring, when the soil is to a certain extent warmed and the roots incited to 
activity, if a Vine is cut through close to the earth, or even higher, a quantity of 
clear water instantly exudes from the wood ; and this outflow of water may continue 
for many days, and, as I know by personal experience, may yield several litres 
of water. The same happens with many trees in the spring time. Birch-stems, for 
example, sawn across a little above the soil, send forth streams of water, coming from 
the alburnum, which exude from the root-stock for weeks.. This bleeding is, 
moreover, by no means confined to woody plants in the narrower sense of the word, 
as is proved by the old custom of the Mexicans of obtaining enormous quantities of 
their national Mvk, pulque, from the huge plants of Agave americana (the so-called 
‘hundred-years Aloe'), by cutting out the so-called ‘heart' or leaf-bud, within 
the rosette of leaves, upon which water, driven up from the roots, is excreted 
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into the hollow of the stem. This contains sugar and albuminous sul>sianc<‘>, and 
therefore passes over into alcoholic fermentation ; and, according to the statement of 
Alexander von Humboldt, hundreds of litres of sap may lx* gradually olHained in 
this manner from a single plant. It was formerly believed to be a special peculiarity 
of some few plants thus to expel the water absorbed by the roots at the transverse section 
of the stem, uniii Hofmeister showed (about 1850) that the same plienonienoii may 
be observed in any given plant, even small annuals which form little wood; it is 
only necessary to cut off the stems of Ricinus^ Tobacco, Digiialis^ Nettle, Sunflower, 
Maize, and such like well-known cultivated plants abo\'e the roots, when they are 
already actively vegetating, and to connect 
a glass tube at the section of the stem, to 
observe most of the phenomena referred to ; 
and this may be done the more conveniently 
since even plants cultivated in flower-pots 
are suitable for the purpose. Such an 
experiment proceeds best and simplest if 
the plant is allowed to grov/, not in soil, 
but in an aqueous solution of nutritive sub- 
stances (Fig. 210), until it has developed a 
vigorous root-system ; the stem is then cut 
off, and the root-stock connected with an 
exit-tube, and as the roots absorb water 
from the nutritive fluid, an equal quantity 
exudes above at the transverse section of 
the stock. 

The weeping of the root-stock has, 
since the time of Hales (1721), been in- 
vestigated a thousand times by the most 
various observers, and it would require 
many hours to refer to all the results in 
detail. Instead of this, however, we will 
commence our further considerations on 
the phenomenon in question with a definite 
example. In August, 1881, a very vigor- 
ous specimen of the Sun-flower [Helianthiis 
annims)^ about 3 metres high and with a 
stem 4-5 centimetres in diameter, which 
was growing in the open land in my experimental garden, and was thus quite 
normal, was cut off transversely about twenty-five centimetres above the sur- 
face of the earth, and an appropriate exit-tube at once placed on the stump of 
the stem; the descending curved limb of the latter allowed the water expelled 
from the root-stock to pass into a graduated cylinder. Since the experiment 
was commenced on a hot day, the following phenomenon, to which I shall 
return below, presented itself : the root-stock, instead of expelling water at once, 
on the contrary absorbed a not inconsiderable quantity of water through the trans- 
yerse section of the stem during the first few hours. The outflow from the section 



Fig. 210. — A Maize plant developed in a nutiativc solution 
in the vessel a, is cut off above the cork [b) at c, and here con- 
nected with the glass tube ef,^ by means of caoutchouc 
The narrow glass tube h passes through the cork £ : is 

filled Avith water, and mercury is then poured in h. This 
mercury is driven up by the Avater expelled from c, as shown at 
zand^. 
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of the stem only began afterwards, and then continued for fourteen days. During 
the first few days the expulsion of water was copious: later on it gradually 
diminishecL On the whole, however, io6r cubic centimetres of \vater were expelled 
in thirteen days — a quantity which was at least three times as large as the volume of 
the whole root-stock ; w^hence follows without further remark that the escaped water 
could not possibly have been previously contained in the root-stock, but must have 
been taken up only during the outflow — one of the most fundamental facts connected 
with this subject 

The circumstances under which the outflow of water takes place, will best be 
made evident if I here put together in the form of a table the observations made, 
at least for the first six days. It is only to be noticed that the letters n, e, a signify 
noon, evening, morning, and afternoon respectively ; the numbers in the fifth column 
are obtained by division of the ctuantity of water discharged in the given period of 
time by the corresponding number of hours. 


HELIANTHUS ANNUUS. AUGUST, iSBi, 


1 

: Date. 

Hours, 
from — to. 

1 

1 Weather. 

Temperature, 
degrees R. in 
the earth. 

^ Water 
discharged 
! per hour— 
j cubic c.m. 

Remarks. 

. 25 Ang. 

I2-| n. — 7 e. 

Sunny 


8.5 

Night. 

— 

7 e. — 8 m. 

— 

H 

2.46 

26 Aug. 

8 m. — 9|- m. 

— 

13 

14 

Maximum. 

1 

9| m. — 12 n. 

Clear 

16.5 

12-8 


— 

12 n. — 4 e. 

— ■ 

19 

2.5 

f Transverse section of 

■J , / 

4 e. 6 e. 


U 

. 2.5 

< wood washed, at once 
f set in proijress again. 

!'■ ■ a^.Aufi:, 

6 e. — 5-| m. 

Rain 


1.6 

Night. 

; . — , 

5-| m. — 8 m. 

— 

n 

7.2 


'■ ' ■ 

8 m. — 9 m. 

— 

13.2 

14 

Maximum, 


9 m. — II m. 

— 

13.2 

13 


■■ — 

11 m. — 3 a. 

1 — 

i3'6 

13 


; ■ — 

3 a. — 7 e. 

1 

13-5 

8 


28 Aug. 

7 e. — 5| m. 

1 

12 

3.6 

Night. 

!' „ ■ 

5^- m. — 8 m. 

^ — 

13 

8 


■i ; 

8 m, — io| m. 

! Cloudy 

12*3 ■ 

1 0-4 



: io| m. — I2*n. 

1 — 

12.8 : 

10.6 

Maximum, 

. — 

1 2 n. — 4 e. 


1.3*1 I 

8*5 



, ' 4 e.' 5 e. 

— ■ . 

•13 ! 

6 


j,„ : 

5 e. — 7 e. 

Rain 

13 : 1 

7 ■■■■ 


29 Aug. 

7 e. 5|- m. 

Clear 

9*5 j 

2.6 

^ Night. 

— 

5| m. — 8 m. 

t , . — 

10 i 

./■; 5*6' , 


— 

8 m. —-9 m. 


II 

'■■■8 "■ 



9 m. — II m. 

— ■ 

13 

9 

Maximum. 

— 

m.':— -,3'a. 

— 

n 

8*2 i 



5 e. '■ 

— 

14*5 

■ 5 



5 e. — 7 e. 

• ' — 

^3 

4-5 


:':::'.;3o;Aug.v,:.' 

5|, m. 

Cloudy 

10 

/ 2-5. ' 

Night.'':.,, 


m. — 8 m. 

— . 

10.5 

■ 5'3 ' 


, — 

8 m. — 10 m. 

— 

12.5 

13.5 

Maximum. 

. — 

10 m. — 13 B. 

. — ■ ■ 

15 

5*5 


— 

13 n., — ' 3 a. 

Rain 

16 

■ M' 



3 a. — 5 e. 


■. ^ 5 ; 




What is conspicuous at once in our table, and has been known for a long time, 
are the continual fluctuations in the quantity of water hourly discharged. These take 
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place ill such a manner .that at a -certain hour daily— in the present case between 
8 and 1 1 o’clock— a maximum of the discharge occurs ; from thence onwards 
the quantities hourly discharged decrease into the night, to increase again towards 
morning. It a|.>pears, however, that even with the same species of plant the hour of 
the maximum may be considerably retarded, since another observer, wlio likewise 
investigated ITeUanthns annuiu^ but grown in a dow’er-pot, gives the time of maximum 
discharge as betw^een 12 and 2 o'clock, and in general the statements of various 
observers differ considerably on this point. Even in the same specimen, the hour 
of the maximum discharge may alter on successive days, as our table in part show’s ; 
still for myself I always hold it to be important that a series of observations made 
in i860, under peculiarly favourable conditions, on a plant of the common Potato h 
likewise rooted in the open land, gave results /which agree with our table in all 
essential points, especially in that the maximum discharge always occurred in the 
forenoon. The most remarkable fact in this periodicity lies, how'ever, in that 
it is independent of small fluctuations of temperature, and even of considerable 
fluctuations of the moisture of the soil, to such an extent that in spite of these 
it is still perceptible. Thus our table shows, on August 26, a maximum dis- 
charge of fourteen centimetres between 8 and 9 o’clock in the morning, the tempera- 
ture being only 13° R.; while in the afternoon, betw'een 12 and 4 o’clock, at 19^ R., 
only 2*5 cubic centimetres w^ere excreted, and similar relations occur repeatedly in 
the table. In like manner the quantity of w’ater contained in the earth is not 
strictly proportional, since even when the soil contains less water a larger outflow 
may take place ; how^ever, numerous experiments in this direction teac h that a drying 
up of the soil to any great extent, as well as c ooling o f the roo^ts, influences the 
quantity of outflowc - It has been attempted to represent this periodicity in the 
activity of a root-stock as a consequence of the preceding daily periodicity of 
illumination, so long as the plant was still intact — an assumption \vhich is hardly 
supported by the existing series of observations, and from general grounds possesses 
little probability in itself. Meanwhile the cause of the daily periods is simply 
unknown. 

The inspection of our table yields the further result that the quantity of 
discharge at the time of the maxima is greater during the first tw'o days than in 
those wdiich follow' ; although on the 30th of August, that is on the fifth day, it 
rises again nearly up to the original height. On the other hand, the minimum hourly 
discharges in the later days are rather greater than at first. In other words, as 
the experiment continues, the difference between the daily maximum and minimum 
diminishes; as is also to be gathered from my old observations of i860, on the 


^ The older literature on the weeping of the root-stock, as well as the facts from which our 
more recent view as to the mechanism of this process has been gradually developed, are found in the 
following works. Hofmeister — ‘ Uber Spannung^ Ausjlussnmtge und Ausjltissgeschwmdighcit mn 
Sdften lebender PJlanzen"^ (Flora, 1862, pp. 97? &c.). Sachs’ ‘ Experimental Fhystoiogie^' 1865, VII. 
I established the foundation for an understanding of the transpiration-current as well as of the 
excretion of water in the liquid state in my oft-cited treatise, ^l/ber die Porositdt des Hoizes"^ : 
the obscurity prevailing in Pfeifer’s ^ Pflanzen-physiologie'^ (18S1), in the section on the move- 
ments of water in the plant, might have been avoided if the author had sufficiently regarded 
this treatise. With respect to my observations on the Potato plant mentioned above, they are 
tabulated in my ^ Expe^nmejital PhysiohgU* (p. 210). 

[ 3 ] , 
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Potato plant mentioned above. All these, relations come out clearly, moreover, if 
the observations are graphically x*epresented on a system of co-ordinates, in such 
a manner that the days and hours of the observation are expressed on an abscissa 
line, while the quantities discharged per hour appear as ordinates. The curve so 
constructed facilitates a survey of the periodic fluctuations more than is the case with 
a tabl ' 

The liquid flowing out from the transverse section of the wood is by no means 
pure water, but always contains small quantities of those salts which the roots 
absorb from the soil. With appropriate reagents, it is easy to detect potassium, 
phosphoric acid, sulphuric acid, and lime in the discharged water; and small 

quantities of organic matters, such as sugar 
and traces of proteids, may also be found 
—substances which have evidently been 
washed to a certain extent out of the wood 
of the root-stock. 

The water flowing out at the transverse 
section of the root-stock moves from below 
upwards, and must therefore be set in mo- 
tion by pressure acting in opposition to 
gravitation. This pressure, or, as I have 
previously termed it, root-pressure, may, 
however, be far more considerable than 
is necessary for forcing the water out 
of the short stump of a stem. 3 Even 
with smaller woody summer plants, as 
Sunflower, Potato, Tobacco, Nettle, &c,, 
we may convince ourselves, with the aid 
of the simple apparatus represented in 
the accompanying figure, that the water 
exudes from the transverse section of the 
wood with a force capable of overcoming 
the pressure of a column of mercury of 
20-30 centimetres in height. The root- 
pressure in old well-rooted stocks of the 
Vine is much greater; Hales found, for 
instance, that the water is discharged from the transverse section of the wood with 
a force which holds in equilibrium a column of mercury more than roo centimetres 
high, and some more recent observations show still greater energy on the part of the 
root-pressure. 

If we now attempt to obtain an idea of the nature of this pressure, it is to be 
noticed above all that the water at the transverse section of the wood wells forth 
from the vessels and wood-cells, as may be directly observed. This water, how- 
ever, is evidently taken up from the soil by the root-hairs, or by the outer cells of 
the absorbing roots generally. Hence the problem to be answered may be stated 
in this form : how, by means of absorption by the external cells of the root, can the 
water obtain admittance to the cavities of the wood, and be pressed upwards in these 



Fig. 21 1. —Apparatus for observing the force with which 
water is extruded from the root-stock at the cut surface of the 
stem r. The glass tube R is first tightly connected with the 
root-stock, and the manometer tube r then fixed finnlj', by 
means of the cork k. R is then completely filled with water, 
and closed by the upper cork Jt. Finally, mercury is poured 
into r, so that / stands higher than g from the first. The level 
g> ascends above g according to the magnitude of the root- 
pressure in each case. This apparatus is much more conve- 
nient than those formex'Iy employed. 
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with great force? I attempted, in my ‘Handbook of Plxperimental Physiology/ 1865 
(p. 204), to make this problem clear, and partly to solve it, with the aid of the 
diagram here reproduced. 

Fig. 212 is intended to represent, diagrammatically and simply, a piece of 
a young absorbing root A, A are so many cortical cells of the root, on which we 
may suppose protuberances to arise as root-hairs ; these immediately surround 
a vessel, B. By means of the dissolved substances contained in the cells A, the 
water of the surrounding soil is absorbed by endosmose ; this causes the cells, since 
they possess a protoplasmic lining to the walls on the inside, to become highly 
turgescent. Now, as I have already shown, turgescence in general depends upon 
the absorption of water by endosmose taking place through cell-walls which resist 
filtration to so great an extent that a strong hydrostatic pressure becomes estab- 
lished in the cells. Now we may imagine hypothetically that the outer walls a, while 
favourable to the inflow of the water by endosmose, offer much resistance to its filtra- 
tion, whereas the portions of wall ^ which bound the vessel, may allow filtration 
to a greater extent. It is then obvious that 
when a cell A is highly turgescent, the 
water taken up through a may be filtered 
out with force through the wall 3 ; in con- 
sequence of this, the vessel B must be- 
come filled with water, and this will 
escape above at the transverse section of 
the root-stock, since the vessel is closed at 
the root- tip below. Since we know now 
that the turgescence of a cell may be equal 
to a pressure of several atmospheres, it is 
intelligible that the water enters from the 
cells A into the vessel B with a pressure 
which is able to drive it up to a height 
of 10-15 metres. To a certain extent, 
this argument may be demonstrated by an 
artificial apparatus. In the accompanying 
figure (Fig. 213), 0 indicates an artificial cell 

composed of a wide glass tube which is closed at a with a double bladder, and 
at 3 with a single one. After filling z with a solution which acts endosmotically, the 
glass tube r is fastened over 3 by means of a caoutchouc cap A", AT*. If this apparatus 
is now laid in a vessel full of water, the cell z absorbs the water by endosmose 
through the double membrane <2, and when the turgescence has reached a sufficiently 
high degree the fluid absorbed through a again filters out through the single mem- 
brane which offers a smaller resistance to filtration : it then collects and ascends 
in r. Incomplete though this apparatus may be, it at any rate illustrates the funda- 
mental ideas on which our conception of the essence of root-pressure depends, 
and in the sixteen years which have elapsed since my publication quoted above, 
nothing better has been put in its place. I then neglected to mention the various 
functions which devolve on the one hand upon the cellulose membrane, and on 
the other hand upon the protoplasmic utricle of the ceil, in turgescence and 
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filtration. After I had demonstrated the extraordinary capacity for filtration of the 
cell-wall, however, the resistance to filtration had to be chiefly ascribed to the 
protoplasmic utricle. This, supported by Naegeli's old observations on the 
properties of the latter, has subsequently been done by Pfeifer. 

Although as a rule the forcing up of water into the stem only takes place to any 
considerable extent in copiously branched root-stocks, it is conceivable according 
to my explanation that here and there similar effects may also occur in parts of 
shoots without roots. All that is necessary is that vigorously absorbing and 
turgescent parenchyma cells force out their water into neighbouring vessels, whence 
it can be extruded. As a matter of fact I found that cut-off portions of the young 
haulms of various Grasses, when stuck with the basal ends in damp sand and 
protected from evaporation, allowed drops of water to well forth at the upper 

cut ends. According to Pitra’s very ex- 
tensive publications, leafy branches of wood 
plants wdth the leaves immersed in water, 
so that the cut end of the shoot-axis 
projects, allow water under pressure to 
exude from the latter; this, according to 
the principle given, appears quite credible, 
although I will not deny that my own 
researches in this direction have remained 
without result. 

The forcing up of the water out of the 
roots into the stem was formerly considered 
to be probably one of the causey by which, 
in the transpiration of plants, the water 
absorbed from the soil is despatched into 
the leaves. Since we know, however, that 
the root-pressure is able to lift the water 
30-50 feet at most, the ascent of water 
in trees 200-300 feet high cannot be ex- 
plained in this manner ; recourse can only 
be had to the root-pressure for the explan- 
ation of the transpiration-current in plants 
of a few metres high. Since I have proved, however, that the transpiration- current 
ascends in the walls of the w-ood-cells as imbibed water, and that any pressure what- 
ever from beneath is superfluous, and taking into full consideration the fact that the 
water ascending by means of the root-pressure moves in the cavities of the wood, the 
view mentioned above must be regarded as untenable ; and the fact that the suction 
brought about by transpiration requires far more water than is supplied by the root- 
pressure, shows that it is completely unfounded, as indeed was already to be deduced 
from the older observations of Hofmeister h If the leafy top of a plant of the Gourd, 
Tobacco, or Sunflower, is cut off above the earth and placed in water, while the 

^ That far more water is disposed of in transpiration than the root pressure is able to supply 
in an equal time, is shown more in detail by my statements, as well as the older observations of 
others, published by Hugo de Vries in *Arb,des hot. Inst I I. p. 288). 




TRANSPIJRA TWN AND ROOT-PRESS URE. 


277 



root-stock is connected with an exit- tube, the water disposed of by the leafy top, 
as well as the outflow from the root-stock, may be directly observed. I'his 
proves now that the quantity of water required in suction or transpiration at the 
top is far larger than that driven into the stem by the root-pressure ; the transpiring 
leafy top of a Tobacco-plant, for instance, took up 200 cubic centimetres of water 
in the same time that the root-stock discharged only fifteen culfic centimetres. 
It follows even from this fact that the transpiration-current cannot be explained 
by the root-pressure. Yet more definitely, however, is this conclusion to be drawn 
from’ the fact that, as a rule, no root-pressure at all exists in a plant in which 
vigorous transpiration is going on. If the leafy top of a Tobacco-plant, Sunflo%ver, 
Potato, or Gourd-plant, &c., is cut off in sunshine, that is while vigorous transpiration 



Fig. 214.— a stem of Helia*tikits annuus {a) rooted in a flower-pot and furnished with an 
exit tube b,c^d‘, the water forced out at c by the root-pressure is measured in e. B the top of 
the same plant (/) placed in a graduated cylinder {^). 

and ascent of water are proceeding, and a glass tube is at once placed on the 
stump projecting out of the earth, and if a quantity of water is then poured into 
this, it is observed that the latter is sucked into the wood of the root-stock. 
This proves that at the time of transpiration the cavities of the root-stock are 
not filled with water, but that they must contain rarefied air, which enables w^ater 
to penetrate into the cavities. This fact, again, completely excludes the assumption 
that the forcing up of the water by the root can in any %vay co-operate in the transpi- 
ration-current ; it shows, on the contrary, that the phenomenon of the weeping of 
the root-stock only comes into existence when the transpiration-current has, been 
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made ineffectual by cutting off the top, or when, as in the case of the Vine in spring, 
the transpiring leaf-surfaces are not yet present. 

However, even in the case of plants in full leaf, when the transpiration of the 
leaves is diminished at a low temperature and in moist air — the roots remaining 
in a moist warm soil — water may be taken up wdth great energy, and be pressed 
forcibly into the leaves, to well out in the form of drops, if the necessary mechanisms 
exist. Thus we have the exudation of liquid water from the living and uninjured 
plant. The phenomenon is very easily observed when young plants of Cabbage, 
Maize or other Grasses, species of Alchemilla and many other plants have been 
cultivated in flo\ver-pots, the pots warmed up to 20^-2^^, and the leaves protected 

from too vigorous transpiration by being 
covered with a large bell-glass After 
a few hours, occasionally even after 15-20 
minutes, drops of water appear at certain 
places at the apices and margins of the 
leaves, especially on their teeth ; these 
gradually increase in size, and finally fall 
off, whereupon new drops become formed. 
Such drops of water occur particularly co- 
piously at the apices of the leaves of many 
Aroids, e.g. Colocasia aniiquorum and 
Calla Mthiopica, In the natural course 
of events in the open air, the excretion of 
drops on the leaves is easy to observe 
when, after a hot day, the air becomes 
cooler and moister as the sun goes down, 
while the earth still retains its diurnal 
warmth, and incites the roots to absorb 
vigorously. It may then be directly seen 
that drops of water are extruded at the 
margins of the leaves of Potatoes, Grasses, 
species of Alchemilla^ and many other 
plants. Much of the water which we find 
early in the morning on the margins of 
the leaves of many field and garden plants 
in the form of large drops, and which are generally taken for drops of dew, is 
really ^vater excreted by the plants themselves. 

That as a matter of fact it is the. root-pressure which drives the water forcibly 
into the leaves, and expels it in the form of drops at appropriate places, may be 
proved by fastening cut-off branches on the shorter limb of a wide glass tube, as in 
Fig. 216, so that the cut surface dips into w^ater, which is then forced into the shoot 
by means of mercury poured into the other limb of the tube. If the leaves are 



Fig, 2x5.— The double walled vessel t, a stands on the tripod 
ti, d, fl^hich is furnished with the lamp 1 : water is contained 
between the t\vo zinc walls of the vessel. The flower-pot 
with the plant jt>, stands on a support, i, i, and is covered by 
the ben*ijlas.s which rests upon the hooks h, h. 


^ All essential points respecting the extrusion of drops from leaves known up to that time were 
collected in my ‘pflatizen-Physiologie' (p. 237), and the excretion of nectar was discussed at the 
same time,. 
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protected from active evaporation, a pressure of 10-20 centimetres of mercury 
generally suffices to render drops of water visible on them after ten minutCH, or an 
hour, or longer, at any time of the day ; and with branches of J IchemiUa alpma^ the 
common Vine, and others, the excretion of drops in this maimer continues for eight 
or ten days, so that several hundred cubic centimetres of 'water drop away. That 
the water forced in reaches the leaves through the wood can be made evident by 
removing a ring of cortex. 

It is generally at specially organised places on the leaves that the drops 
appear. These are often the so-called water-stomata (cf. Lecture VIII. p. 119); 
in other cases, however, they are ordinary stomata, and occasionally, in Grasses for 
instance, mere fissures in the epidermis ; or, finally, as Moll has shown the drops 
occur even at places on the margins or on the surfaces of the leaves where no 
special openings are to be perceived. In Aroide^, Fuchsia, Tropmhmi, HeUehorus 
niger. Primula sinensis, and others, the drops exude through w'ater-stomata ; and 
here the water-stomata are usually at the margins of the leaf, and especially at 
the upper side of the apex of the teeth, 
several or many existing together. But 
in some plants, such as Plaianus, Ulmus, 
and Vilis, according to Moll, the excre- 
tion of drops may take place on the 
under side of the teeth, although they 
possess water-stomata on the upper side. 

In Cesirum roseum, Datura, &c., indeed, 
he found drops excreted at places where 
no stomata at all exist. In general, 
according to Moll, younger leaves are 
more apt to exude drops than older 
ones, where the organs of exit not rarely 
become impassable. If in such cases 
water is forced into the shoot-axes, it 
penetrates into and fills the inter-cellular 
spaces of the mesophyli, and the leaf 
becomes injected; this does not directly 
injm-e the leaves, however, and they re- 
main living when the injected water has 
disappeared from the intercellular spaces by evaporation. A peculiar adaptation 
to these processes is found in the leaves of the Aroidese mentioned. Following 
the margins, in company with the vascular bundles, are certain wide canals, 
which conduct the water up to ^the extraordinarily large water-stomata at the 
apex of the leaf. From these as many as eighty-five drops per minute are 
said to be excreted at night; and one observer even collected 22*6 grammes 

* I have demonstrated the phenomenon of the excretion of drops on the leaves of cut shoots by 
pressing water into them from below* in my lectures since 1S69, and occasionally given instruction 
in my laboratory on the same subject. Moll has published more detailed researches on this subject 
in Zeitgl (1880, p. 49) and in ^ MitthHlungen der Kgl. Akad. der Wise, hi Holland^ 

(Amsterdam, R. II. Th, 15). 



Fig. 216.— This apparatus, already described above {p. 244). 
may be employed to demonstrate the extrusion of drops from 
leaves by forcing in water at the cut surface of the shoot. 
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of water dropped in one night from the leaves of Colocasia a 7 it{qtioriim. According 
to a statement bp Musset, the drops of water forced out may even be projected 
to a distance of severar centimetres. Whether the excretion of drops has any 
favourable significance for the plant, and what, is still unknown ; though, con- 
sidering the generality of the phenomenon, it seems scarcely possible to deny 
that it must be of advantage in the economy of the plant. Moreover this water 
is, of course, not pure water: on the contrary, it contains traces of the salts taken 
up by the plant, and occasionally also organic substances as well On rapid 
evaporation of the excreted drops, these matters may remain behind as solid 
masses ; and in this way are explained the calcareous scales on the margins of 

the leaves of many Saxifrages. 
This shows, however, that spe- 
cial relations of organisation 
co-operate here, since they do 
not occur in the majority of 
other plants b 

I have already repeatedly 
mentioned in preceding lec- 
tures that the relations of or- 
ganisation and vital pheno- 
mena of highly organised plants 
consisting of differentiated 
masses of tissue, are again 
usually to be met with also in 
such very simpiy organised 
plants as in the Cmlohlastm, 
which never undergo cell-di- 
vision in the course of their 
growth. So also the excretion 
of drops is obseiwed among the 
F ungi, on the sporangia of 
species of Mucor. These plants 
consist, as was shown at p. 5, of 
copiously branched tubes, their 
root-portion or mycelium (Fig. 
217 ni) being extended in the nourishing substratum, while thicker tubes grow per- 
pendicularly from these into the air, and form the sporangia at their ends. On these 
sporangia, when they have attained a height of several centimetres, numerous small 
drops of water now appear, which are evidently being forced out through the closed 
membrane; the pressure necessary for this, however, is evidently afforded by the 
endosmotic absorption of the roots in the substratum, and we have here at once 
the simplest conceivable case of root-pressure, since the entire plant consists of a 
single tube, never divided off by transverse walls. Thus it is the parts of the tube 


^ With respect to the calcareous scales on the leaves referred to, cf. De Bary’s * Vcrgh Anat. 
der Vegetations-orgam* (1877, p. 57), 





Fig. 217 . — Phycomyces m’iens. 
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extended in the siibstratimi which absorb the water, and this is forced out again in 
the form of drops on those parts which protrude above tlie substratum. Hence, how- 
ever, it follows that the absorbing root-hyphai must offer more resistance to filtration 
than the walls of the sporangium, and we have here at once a case which supports 
my theory, adduced above, of the causes producing root-pressure* Moreover other 
Fungi, which consist of ordinary segmented hyphse, can also excrete water on 
their fructification above the substratum ; this happens, for example, with the com- 
monest of all mould-fungi, Penicillium glaucum. When it fruits, after forming 
a dense membrane on the surface of a nutritive fluid, numerous drops of fluid 
collect on the upper side of the fungus membrane. The Fungus Merulim lachry- 
which is found in cellars and is so exceedingly destructive, has evidently 
obtained its name from a similar excretion of w^ater. 

The drops of so-called nectar are also to be referred to the excretion of liquid 
w’ater. At the bottom of many flowers, at thg^base of the petals or stamens, or 
more particularly on the cushion at the base of the flower, juices containing sugar 
are excreted at the time of pollination, which are collected by bees and serve 
for the formation of honey. These juices are distinguished in Botany as nectar. 
Similar organs — i. e. nectaries — also occur how^ever on other parts of plants, as on 
the under side near the base of the lamina of Primus lauro-cerasus, and right 
and left on the petiole of Prunus avium^ &c., also on the stipules of the common 
field bean ( Vida fahd). These nectaries excrete juices containing sugar when the 
parts of the plant concerned are highly turgescent. The arrangements referred 
to are especially conspicuous in the common Crown imperial {Friiillaria imperialis\ 
where large, clear drops of nectar are excreted from rounded somewhat depressed 
spots at the base of the petals; when these drops are shaken off, they become 
replaced by others, and this even when the flower-shoot is cut off and placed in 
water, whence it follows that in this case root-pressure is not needed, but rather 
that masses of tissue exist in the neighbourhood of the nectary, from which the 
water and its saccharine contents are excreted — a fact which is also to be observed 
in other flowers. According to Wilson's researches, the renewal of the drops is 
suppressed when the external surfaces of the nectary are washed with water; 
they re-appear, however, if a very small particle of sugar is laid on the surface of 
the washed nectary. The attraction of the sugar evidently then acts by exosmose 
on the water contained in the tissue of the nectary; and we may well assume 
With Wilson that even in the normal condition of the nectary, the solution of 
the sugar already excreted affects the cell-sap of the nectary osmotically, especially 
when the sap already excreted becomes by evaporation more concentrated than 
the solution in the tissue of the nectary. The excretion of the nectar in the first 
instance, however, must depend upon other causes: either, as has been supposed^, 
the outer wall of the nectar-cells becomes transformed into a soluble product, as 
in the colleters of leaf-buds, or, in so far as this is not the case, a. pressure similar 
to the root-pressure forces out the sap. 


^ Respecting the mechanics of the secretion of nectar, cf. " The Cause of the Excretion of Water 
on the Surface of Nectaries i by Dr. W. P. Wilson (Cambr. Mass., U, S. A.). The matter, however, 
needs further investigation. 
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THE NUTRITIVE MATERIALS OF PLANTS. 

In my ^History of Botany* I have shown ^ how, resuming the teaching of 
Aristotle, Caesalpinus, so early as the sixteenth century and before any clear idea of 
chemical science was possessed, attempted to obtain an insight into the mechanism 
of the nutrition of plants ; and how in the seventeenth century van Helmont 
undertook the first scientific botanical experiment calculated to give information as 
to the sources of the food of plants. Malpighi, the founder of vegetable anatomy, 
as early as 1671 made the statement that the proper nutritive organs of the plant 
are the green leaves, and that these take up food from the air with the co-operation 
of light. Hales, the founder of the mechanics of the movements of the sap (1727), 
was much occupied with the view that a large portion of the vegetable substance 
is obtained from the gaseous condition by condensation; and much useful know- 
ledge of various kinds was collected later, especially by Du Hamel (1758). With 
the foundation of modern scientific chemistry by Lavoisier, at the end of the last 
century, the theory of the nutrition of plants also at once assumed a more definite 
form. Ingenhouss proved (1779) ^^3-^ the most abundant constituent of every 
vegetable body, carbon, originates from the carbon dioxide of the atmosphere, and 
a short time afterwards Theodore de Saussure not only established this fact for 
ail time, but it was he also wbo first clearly perceived the true significance for 
the production of vegetable substance of the mineral matters taken up from the 
earth by the roots. From the appearance of his classical work in 1804, up to the 
beginning of 1840 or so, when Justus von Liebig and Boussingault made renewed 
and zealous studies of the nutrition of plants, there lies a barren period; but, 
stimulated by these men, the study of the nutrition of plants has been pursued 
during the last forty years with great zeal and excellent results. We may in fact 
say that few departments of science have been cultivated more patiently and with 
better results than this. The complete revolution which rational agriculture and 
forestry have experienced through the establishing of the theory of the nutrition of 
plants, proves how much has been accomplished in this department. It would 
extend far beyond the scope of this lecture to reproduce even briefly the substance of 
the literature of the subject. The most significant result of the development of 


^ Cf. my ^ Ge^chichte der Botanikj Munchen, 1875. 
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the nutrition theory mentioned is met with, however, in the fact that we are 
now able to rear plants artificially^ — th^t \ye are in a position, with chemically 
pure water to which we add some few chemically pure salts, to rear artificially 
highly developed plants as well as the simplest Algoe {and. fnutalis mutandis^ 
also Fungi)— that from inconspicuous and often scarcely ponderable quantities of 
vegetable substance, quantities of it as large as we choose may be produced in 
this way. 

, Such being the favourable position, of affairs, I .regard it as .the.. simplest and 
most instructive method to connect the main points of the theory of the nutrition 
of plants, so far as they concern the food materials, with the description of an 
experiment in artificial nutrition made with a highly organised plant. I think that 
in this manner the essential and important points come into view fnore clearly than 
with any other mode of exposition. In the year i860, I published the results of 
experiments which demonstrated that land-plants are capable of absorbing their 
nutritive matters out of watery solutions, without the aid of soil, and that it is 
possible in this way not only to maintain plants alive and growing for a long 
time, as had long been knowm, but also to bring about a vigorous increase of 
their organic substance, and even the production of seeds capable of germination^. 
Much disputed at first, this method of artificial plant-culture has been more and 
more developed and perfected by various experimenters during the last twenty 
years, so that it now affords one of the most important aids to the study of the 
various questions of nutrition. The description of the ways and means by which 
such an experiment is arranged and runs its course, in itself gives a clear illustration 
of the most important processes of nutrition in a highly organised plant 

We will assume that we have to do with the Garden Bean (Phaseolui) or the 
Field Bean ( Vida Faba)y or Maize {Zea Mays), or Buckwheat [Polygonum fagopyrmi), 
plants with which the greatest number of experiments of this kind have hitherto 
been conducted, although others, e.g, the Cabbage [Brassica) and Horse-chestnut, 
Scc.y are also suitable for the purpose. 

It is best to allow the seeds of these plants to germinate in a box filled with 
well-washed damp saw-dust, until the radicle is several centimetres long. After 
the seedling has been carefully taken out and washed, it is fastened into a perforated 
cork, Fy as in Fig. 218, so that only the root dips into the water, JV, of the vessel in 
which the culture is being made. It is then only necessary to be careful that 
the portion of the seed filled with reserve materials, S — the endosperm or the 
thick cotyledons according to circumstances — remains sufficiently moist, without 
however being submerged in the water. The apparatus, thus arranged, is placed 
in a sunny window or in a suitable green-house ; care being taken however that 
the root immersed in the water is sufficiently darkened. This is best accomplished 
by placing the glass vessel in a hollow cylinder of cardboard. This precaution 
is necessary, not so much because the roots might be injured by the light, as to 
prevent green Algae from growing in the water and settling on the surfaces of the root. 


* a. ‘Die landwirthschaftL VersuchssiatimmP Dresden, H. VI. i860, p. 219; and Bot. Zeitg, 
j86o, p. 113; and, further, Pfeffer’s * PflanzenphydoUgup 1881, 1, p. 353. 
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I assume the vessel in which the culture is made to have been first filled 
with pure distilled water. In this case the seedling would nevertheless at first 
grow vigorous and healthy, and, if we are dealing with large seeds of Beans or 
Maize, produce three or four normal large leaves in the air, and several dozens 
of lateral rootlets in the water. These organs arise and grow at the expense of 
the materials — the so-called reserve materials — which were already present in the 
seed. Soon, however, the moment arrives when these materials have disappeared 
fi*om their reservoirs, and are completely used up : there is then found in the 
endosperm of the Maize seed, or in the thick cotyledons of the Bean, nothing 
more of the starch and proteid matters previously abounding, and which in 
these cases chiefly represent the nutritive materials reserved for the first stages 

of germination. Microscopic examination w^ould show 
also that, in the roots, shoot-axes and leaves, the 
stores of organic plastic materials are exhausted. 
So far, therefore, the mere taking up of water by the 
roots has sufficed for the construction of a number of 
new plant organs, at the cost of the organic substance 
stored up in the seed. The seed also contains a quan^ 
tity of mineral matters — compounds of potassium, mag- 
nesium, calcium, iron, phosphorus, and sulphur. If 
now the plants remain with their roots immersed in 
distilled water, they hold out, it is true, for a long time, 
but without growing at all considerably, and at last 
they perish. 

If now several seedling plants of the same kind, e. g. 
Maize or Bean, have been allowed to grow up to this 
point, we may employ one or several of these indivi- 
duals for the decisive experiment. We replace (which 
of course is better done previously) the distilled water 
by a solution of various salts, known to us from a long 
series of earlier experiments. The simplest plan will 
be to give here at once in a tabular form the salt 
Fig. 2 ia~AtTan^jemejit^ in goludou offered to the plants. I mention the quanti- 

ties I am accustomed to use generally in water cultures, 
W'ith the remark, however, that a somewhat wide margin may be permitted 
with respect to the quantities of the individual salts and the concentration of 
the w^hole solution; it does not matter if a little more or less of the one or 
the other salt is taken, if only the nutritive mixture is kept within certain limits 
as to quality and quantity, which are established by experience. Thus the following 


would be a useful solution: — 

Water i,ooo cc.m. 

Potassium nitrate , . . . . . . ^ i gramme. 

, Sodic chloride (common salt) . * , - • • 0*5 5 ? 

Calcium sulphate (Gypsum) ... . . . 0-5?? 

Magnesium sulphate 0*5?? 

Common calcic phosphate (finely pulverised) . . o*o ?? 



CBLOROSrS. 



The calcium phosphate, last mentioned, is but sparingly soluble in the solution 
and forms a sediment during the course of the experiment. 

The result of this proceeding becomes evident after a few days, in that the 
plants appear more vigorous as contrasted with tliose the roots of which have 
remained in pure water, and in that new lateral roots grow from their roots, and 
new leaves from their buds. After some time, however, when the tliird or fourth 
leaf of our experimental plant is unfolding, a diseased condition appears. The 
new leaves which develope henceforth remain completely white, that is, they 
produce no chlorophyll ; and microscopical investigation shows, as Gris first 
observed in similar cases, that no chlorophyll grains are present in the protoplasm 
of such colourless leaves. This then is a proof that our mixture of nutritive 
materials still lacks something, and from the older observations of Gris, we 
know that the disease of our plants — so-called Chlorosis — is due to a want of 
ironh Our experiment has thus taught us at the same time how this disease 
(which occurs not rarely also under ordinary conditions of growth, e. g. in Robinias, 
Horse-chestnuts, and other plants) may be produced artificially. However, the 
curing of this disease may also be effected at once : it suffices to add an 
extremely small quantity of a soluble salt of iron, e. g. a few drops of solution of 
iron chloride or ferrous sulphate, to the w'ater which the roots take up, in order 
even after forty-eight hours (or, according to circumstances, after three or four 
days) to see the white leaves of the Bean or Maize becoming green : after 
several days they are quite normally green. The action of the iron on the 
formation of chlorophyll may be demonstrated even more simply; if a very 
dilute solution of a salt of iron is painted with a camel-hair pencil on the 
surface of a chlorotic leaf, the formation of chlorophyll in the leaf begins at 
this place after one or two days, and gradually extends thence. It may here 
be mentioned that I made auger-holes in the stem of an Acacia, the foliage 
of which was completely chlorotic, and placed funnels, filled with solutions of 
iron, in the holes ; the solution of iron carried up from the auger-hole through 
the wood into the leaves of the next branch, in a few days caused the leaves 
of this branch to become completely green, while the others remained chlorotic. 
These experiments evidently prove that iron is necessary for the formation of 
chlorophyll, but they do not show whether the iron forms a constituent of the 
green colouring matter itself: it is possible, according to recent statements, that 
the latter is actually the case. It must be mentioned further that only an ex- 
tremely small quantity of iron is necessary: several milligrammes of a soluble 
iron salt per litre of nutritive fluid are quite sufficient to remove the chlorosis 
of the plant under experiment, and larger quantities of iron act as a poison 
on the roots as well as on the leaves. At the same time, however, the course 
of our experiment shows how important these small quantities of iron are for 
the total life of the plant: since if they are withheld the white chlorotic leaves 
perish after a time. The feeble nutrition by means of the first two or three 
green leaves of the plant does not suffice to bring about any considerable growth ; 


1 The literature of these and other facts . appertaining here is quoted , in my ^ Experimentah 
physiologies 1865, p. 141, &c. 
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and the plant which is supplied with a nutritive solution devoid of iron perishes 
at length, simply because it is not able to form the proper organs of assimilation, 
the chlorophyihgrains in the cells of the leaf, and when these are wanting the plant 
is also unable to produce organic substances. 

It is quite unnecessary, and in no way advantageous, to leave the roots of the 
experimental plants continually in the nutritive solution to which the iron has been 
added ; experience shows rather that the plants flourish excellently if their roots are 
placed now and again for a few days in pure water, or still better in an almost saturated 
solution of gypsum. The roots, usually not perfectly healthy in the nutritive solution, 
then grow again vigorously, and numerous new lateral roots are formed ; and when 
this has happened the plant may again be placed in a new nutritive solution. We 
may also proceed so that not ail the salts given in the above table are simultaneously 
presented to the roots; the salts may be distributed in two or three fractionated 
solutions, and the plant allowed to absorb alternately the one or the other of them. 
In this case also vigorous vegetation is maintained, and indeed I made the first 
successful experiments on nutrition in this manner. 

The plants, then, being treated in the way described, new leaves and roots are 
continually developed, flowers appear after six or eight weeks, and it is only necessary 
to provide for the pollination of the female reproductive organ to produce fruit. 
As a rule it suffices to let the plants stand at the open window or outside during 
the time of flowering; insects then provide for the transference of the pollen from 
the anthers to the stigmas in the usual manner. The ovary then swells, and 
after a few weeks a greater or less number of fruits are formed containing seeds 
capable of germination. With the Maize, I have frequently obtained in this 
manner heads of fruit with more than loo grains capable of germinating, and 
with Beans 6 -io pods with 12-20 ripe seeds. If to the weight of these seeds 
that of the organic substance of the shoots, leaves, and roots produced in our water- 
culture is reckoned, it is shown that the organic substance, in comparison with that 
of the seed from which the experimental plant was developed, may amount to three- 
hundredfold and more. 

We have thus by artificial nutrition raised a plant which has gone through 
the whole course of its development, and we may employ its seeds for a second 
experiment of the same kind. 

From this experiment it follows that the materials which we have placed at the 
disposal of the plant completely suffice for the whole process of nutrition, and any 
other addition of material is entirely superfluous. It should be mentioned here, 
indeed, that the common salt specified in our table, or any other chlorine compound, 
may be omitted, since numerous culture experiments have shown that sodium 
and chlorine are, strictly speaking, superfluous in nutrition. On the other hand, 
the presence of common salt or some other chloride is of use, in so far that the 
nutritive solution can thereby be prevented from becoming alkaline since by 
the absorption at the roots the chemical composition of the nutritive solution 
becomes altered more and more in time. Of course this can also be avoided by 
completely renewing the entire nutritive solution every three or four days. 

. ' ^ Cf, Pfeifer, ^ PJlanzenj^hysiologie^ I. p. 254. 
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Tliis opportunity may be taken of remarking that the roots possess a sort 
of selective power, as it has been called, as to quantity at any rate, even if not 
as to quality. That is to say, the roots absorb dissolved matters of the most various 
kind, it is true, even those which are injurious, and thus are not able to reject any ; 
but on the other hand it was shown by De Saussure, and has been confirmed by more 
recent investigations, that the roots absorb the nutritive salts at their disposal by no 
means in the same quantitative proportions as those in which they are met with in the 
mixed solution. If, for instance, the solution contains more calcium than potassium, 
the subsequent analysis of the plant-ash may yield more potassium than calcium, and 
so forth. This fact, depending upon a power of quantitative selection on the part of 
the plant, is evident in the thousands of ash analyses which have been made of the 
most various plants ^ developed in the open. Plants of difierent species which have 
grown close together on the same soil, or in the same water, exhibit totally different 
combinations in their ash, — the one having much, the other little, of calcium com- 
pounds; in the one magnesium and calcium predominate, in the other potassium, 
compared with the quantity in which these substances are contained in the soil or (in 
the case of water-plants) in the water. The latter is particularly conspicuous in marine 
plants. While sea-water contains 3 °/o of common salt, and only very small quantities 
of salts of potassium, magnesium, and calcium, the salts last named nevertheless pre- 
dominate in the ash of these plants, and it contains relatively but little of the common 
salt of the sea-water. Plants thus take what they require from a mixture of salts, 
without particular reference to the composition of the nutritive mixture. But, again, 
even this does not exactly occur in the sense that they only and exclusively take up 
just so much of each material as is necessary for nutrition ; since in the ash of plants 
of the same species are found more or less potassium, calcium, magnesium, phos- 
phoric or sulphuric acids according as they have grown on this or that soil. The 
composition of the ash of a species of plant is thus not specifically constant, but is 
dependent, at least in part, upon the composition of the soil or the water. Least 
variable in this respect are, of course, the fruits and seeds : in these are collected 
only the materials specifically necessary for the seedling, while in the shoots and 
roots superfluous matters also may be lodged. 

The question still remains, however, whether all the salts which we have added to 
our nutritive solution are actually necessary for the plant. These salts were, potassium 
nitrate, calcium sulphate, and magnesium and calcium phosphates; we have already 
learnt that the iron salt is indispensable, and recognised the incidental significance 
of the sodium chloride. The question raised may be in the first place simplified by 
regarding as the essentials, not the salts named as such, but the elements contained 
in them. As numerous investigations in this direction show, it is simply necessary 
that the nutritive mixture should contain the elements potassium, calcium, magnesium, 
iron, phosphorus, and sulphur, in suitable neutral combinations containing oxygen. 
For reasons the explanation of which would here carry us too far, however, it is best 
to choose the salts given in our table ; and it is at the same time certain that land- 
plants, as well as water-plants, as a rule, find and take up just these very salts in their 
environment, since potassium nitrate, gypsum, magnesium sulphate, calcium phosphate, 


^ Emil Wolff, Aschenanalysen vm landwirthschaftluhm Producten^ Berlin, 1871. 


288 


LECTURE XVIL 


and some compound of iron, are found in every soil in which plants gro\\’, and in 
the water of rivers, wells, and seas, and are undoubtedly used by the plants. 

Mere chemical analysis, by which the presence of the materials in plants 
is proved, would by no means alone suffice to show whether all the substances 
detected by the analysis are really indispensable for the nourishment of the plant. 
As a matter of fact, numerous other elements in addition to those mentioned 
have been discovered now and then in plants, occasionally indeed in considerable 
quantity. I need only mention iodine in marine plants, manganese in many land- 
plants, and the very considerable quantities of zinc in plants which grow on 
calamine soils, but which in other places flourish just as well without zinc. One 
of the commonest phenomena of this kind, howwer, is the accumulation of silica in 
the tissues of very many plants, although w^e may regard it as certain that this 
substance is superfluous for the chemical processes of nutrition, as well as for the mole- 
cular movements connected with growth. Among the plants in the epidermis of which 
particularly large quantities of silica are deposited, we find, besides the Equisetacese 
and some others, the Grasses, and among these the Maize. Although in such plants 
half of the total ash often consists of silica, I (and subsequently other observers 
also) nevertheless succeeded in bringing Maize plants to vigorous and complete 
development with the help of nutritive solutions to which not even a trace of silica w’as 
added the small traces of silica detected with difficulty in these experimental plants 
could only have been derived from the glass walls of the vessels, or from the dust. 
Although it is thus shown that this substance, widely distributed in plants, is 
superfluous for the purposes of nutrition and growth, it would be going too far 
to regard it as superfluous also in every other connection. The silica is generally 
deposited in the outer w'alls of the cells of the epidermis of the leaves and stems, 
i.e. of the transpiring organs: it is conveyed there with the water of nutrition, and, on 
the evaporation of this, remains behind in the outer cell- wall. By burning the latter 
on platinum foil, especially with the addition of sulphuric acid, the silica is obtained 
in the form of so-called skeletons, that is, thin plates wffiich still possess with great 
exactness all the finer structure of the epidermis cell-walls, and especially of the 
hairs. The form of these skeletons shows that the molecules of silica have been 
regularly deposited in the cell-walls, betw^een the molecules or micellae of cellulose ; 
the walls of vessels, w^ood-cells, and parenchyma cells in old leaves (e.g. of Oaks 
and Beeches in the autumn), moreover, afford exquisite siliceous skeletons. Among 
the most remarkable phenomena of this kind is the deposition of silica in the cell- 
w^alls of the unicellular Algse of the subdivision of the Diatomaceae, of the siliceous 
skeletons of which the w’ell-knowm silica deposit of Bilin in Bohemia, for example, 
consists. It is scarcely probable that these Algae could flourish in a medium devoid of 
silica, and whether the Equisetums and Grasses which abound in silica w'ould maintain 
themselves permanently if the supply of silica were cut off is more than questionable, 
although it is established that this substance is superfluous for the processes of 
nutrition and growth, and quite certain that the exceedingly fine masses of silica 
in the epidermis of these plants scarcely at all affects the elasticity and rigidity 


^ Cf. my treatise in ‘Amia/cn der Landwirthschaft in den kgl. p-et 4 s$. Siaateit^ Wocheiiblatt, 
1S62, p. 184. 
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of the haulms and leaves. The somewhat thoughtless assumption that the rigidity 
of the haulms of cereals is essentially promoted by the silica Clinch they contain, 
impelled agriculturists, thirty years ago, to manure their wlieat fields ’\vith costly 
preparations of silica, hoping thereby to prevent tlie ]a}iug of the wheat — by 
laying is understood the giving way of the lower joints of the liaulrns, especially in 
continuous rainy weather, so that whole wheat fields have their haulms laid flat on 
the earth before the ripening of the grain. In my Experimeiifal Physiologie {iS6fy)f 
and still earlier in my lectures, I demonstrated the incorrectness of this view, and 
showed that the laying of the wheat has nothing whatever to do with the silica, 
but is due to deficient lignification of the supporting tissues in the haulms, 
which stand too closely together, shade one another, and so assume the diseased 
condition of etiolation, to be described later; and just those wheat-fields best sup- 
plied with food, and the plants of which shade one another to the greatest extent, 
are most exposed to laying. It would not now occur to any agriculturist to dig 
his gold into his wheat-fields in the form of silica h The physiological significance 
of the silicification of cell-walls is best illustrated by the observation that in numerous 
plants the deposition of silica begins in the hairs, and especially in the prickles, 
and extends centrifugally from the base of these to the surrounding epidermis cells. 
This is particularly well seen in the Hop, Hemp, Gourd, etc.; and takes place 
on stems and leaves already fully grown, or nearly so. 

We now know, therefore, that the silica so common in plants, although it 
may occasionally be of some advantage, is nevertheless not a nutritive material in 
the narrower sense of the word — i.e. it takes no part in the chemical processes 
of assimilation and metabolism. We know further, that the small traces of iron 
salts are of the greatest importance in the process of nutrition of ordinary green 
plants, since without iron the proper instrument of nutrition, chlorophyll, is not 
formed. With this, however, our definite knowledge of the physiological significance 
of the nutritive substances mentioned is practically exhausted: we know, to put 
it shortly, nothing certain as to the parts played by potassium, calcium, magnesium, 
and phosphorus in assimilation and metabolism. With respect to sulphur, we 
know at least that it forms an indispensable constituent in the chemical composition 
of proteids, and is therefore necessary for the building up of protoplasm. With 
respect to the others, however, only so much is established, that they are absolutely 
indispensable for assimilation— i. e. for the production of organic plant-substance; 
for researches on vegetation show that when even only one of these elements 
(potassium, calcium, magnesium, and phosphorus) is excluded from the nutritive 
mixture, assimilation soon ceases, and the production of organic plant-substance 
proceeds no further. The salts of these elements, therefore, certainly take part in 
the chemical processes which 6ccur during the formation of organic plant-substance 
from inorganic material, though we do not know what part they play in it. 

Moreover, it is also not to be forgotten that the elements mentioned, or 
their compounds, take part not only in assimilation itself, but also in the meta- 


* With respect to silica in plants, and^; the fact that the so-called laying of wheat is caused by 
shading and etiolation, and not by want of silica, as hitherto supposed, what is necessary is stated 
in my ^ ExperimmtaUphysiologie^ 1865, p., r50. 
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holism which occurs during growth, etc. In this connection, for example, lime often 
plays a similar part to silica : just as numerous plants have their cell- walls silicified, 
others may be calcified by the deposition of large quantities of carbonate of lime, 
and thus become stone-hard, as the Melobesiacese and Corallines among the Algse ; 
and there is scarcely room for doubt that ail, or at any rate very many older cell- 
%valis leave behind on combustion an ash containing lime, and occasionally, as in the 
vessels of the Gourd, it is even possible to obtain chalk skeletons by combustion. 

Without wishing to enter more in detail into the thousand-fold investigated 
ashes of plants, it will still be well to bring forward two facts concerning them. 
In the first place, every part of a plant, every cell-wall, even the youngest, and 
likewise the protoplasm, and even starchrgrains, leave an ash behind after com- 
bustion; and from their general occurrence it may be concluded that certain 
constituents of the ash at least are indispensable for the chemical composition 
or for the molecular structure of the cell-walls and protoplasm. A second fact 
worth noting is the abundance of ash-constituents in the green assimilating leaves : 
this is at once explained when we know that these constituents are continually 
being carried by the transpiration-current to the leaves, and are retained in them 
on the evaporation of the whaler, and when we observe that no assimilation occurs 
m their absence, as experiments on vegetation demonstrate. 

The quantity of ash, however, as a rule, amounts only to a small proportion 
of the plant-substance, reckoned without water. It usually varies between i^/o and 
loo/o; the wood and seeds belonging to the parts poorest in ash — the former evidently 
because the ash constituents do not need to he accumulated in it for the purposes 
of metabolism, but are conveyed to the organs of assimilation. The poverty 
of seeds in ash-constituents, on the other hand, is explained on reflecting 
that the seeds take up water laden with mineral matters when they germinate. 
Finally, ash analyses show that the quantitative composition — i. e. the relative 
richness in potassium, calcium, magnesium, and phosphorus— changes according 
to the nature and the age of the organ of a plant. Ripe seeds, for example, 
usually contain relatively much potassium, magnesium, and phosphorus. Since, 
how'ever, it is not possible to bring the facts so far known as to the composition 
of the ash into immediate connection with definite physiological functions, we will 
now leave this subject for the present. 

Turning once more to our water-cultures, we have now to take into con- 
sideration another most important question. Our plants, as we have already seen, 
consist only to a very small extent of the substances which were dissolved in the 
water, and which have been absorbed by them. In the main, the substance of 
our experimental plant consists, like that of any other plant, of cellulose, proteid 
substances, small quantities of fat, and a few other organic matters. Besides 
nitrogen and sulphur, which are contained in the proteid substances of the 
protoplasm, the latter, as well as the cellulose and all organic substances employed 
for the normal construction of the plant, contain hydrogen, oxygen, and carbon. 
The source of these elements of the organic substance, so far as the hydrogen 
and oxygen are concerned, presents no difficulties whatever : these are in fact the 
elements of water, which the plant absorbs in such enormous quantities, and which 
permeates all parts of it, however small The sulphur in the proteid substances, 
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where of course it only occurs in very small quantity, also presents no difficulty 
with respect to its origin : we added it in fact to the nutritive solution in the form of 
calcium and magnesium sulphates, and if we now find it also in the proteid sub- 
stances of the protoplasm of our plants, no longer in the form of sulphuric acid 
but as an elementary constituent in the formula of proteid substance, there is little 
to be surprised at, since, we know how ' easily sulphur compounds may be 
decomposed. We also find in the micro-chemical investigation of our plants, as 
a residuum of this decomposition, crystals of oxalate of lime, the calcium of which 
passed into the plant in the form of calcium sulphate. 

Of the elements of which protoplasm, cellulose, and the other organic com- 
pounds produced by the plant consist, the nitrogen and carbon still remain to be 
considered. Our table (p. 284) shows that in the water of the nutritive mixture, a 
salt containing nitrogen, viz. potassium nitrate, is contained, and indeed predominates. 
The nitrogen in the proteid substances of the plant is, as we may thus assume, 
the same nitrogen which we presented to the roots in the form of saltpetre. On 
the decomposition of this salt, its nitrogen must have become a constituent of the 
proteid substances newly produced in. the plant. At any rate the active vegetation 
of our experimental plants, and the very significant increase of substances of a proteid 
nature which had been especially stored up in the gathered seeds, show that plants 
are able to take up from nitrates as much nitrogen as is necessary for the formation 
of the proteid substances of a vigorous plant. 

^ Theodore de Saussure had already proposed the question whether the nitrogen 
of the atmosphere (which, as is well known, consists of about 4 nitrogen and -J- oxygen) 
is not used by plants to produce their nitrogenous compounds. Thirty or forty 
years ago Boussingault endeavoured to decide this question by a long series of 
exceedingly careful experiments on vegetation, and came to the conclusion that 
the atmospheric nitrogen is not employed in the process of the assimilation of 
plants. His experimental plants in each case grew vigorously and produced proteid 
compounds when he presented to their roots, in addition to the other nutritive sub- 
stances, various kinds of nitrogenous compounds. They grew, on the other hand, 
very badly, and their proteid substances did not increase, when such a supply 
of nitrogen compounds was wanting ; although the nitrogen of the atmosphere 
was at the disposal of the plants so treated. By means of the now much further 
developed art of nourishing plants artificially, and especially by means of %vater- 
cultures, we are in a position at any time to afford ocular demonstration of 
the important result obtained by Boussingault, by means of simple experiments. 
Whenever a sufficient quantity of saltpetre is added to the nutritive solution, the 
experimental plants grow vigorously, produce numerous ripe seeds capable of 
germination, and give on analysis a corresponding increase of the nitrogenous 
substance. If on the other hand the nitrate is withheld from the nutritive mixture, 
the experimental plant continues to grow for a time, it is true, making use of the 
proteid substances already contained in the seed for the formation of the protoplasm 
of its organs; and this stunted growth may even continue for some time, since the 
protoplasm of the first leaves is again dissolved and absorbed from them, to be 
employed for the formation of a few new leaves; but even in this case analysis 
gives no increase of the proteid substances* 
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The view was once held that it was ammonia salts particularly whichj 
being absorbed by the roots of plants, or perhaps indeed by their leaves in the dew 
and rain water, yielded the nitrogen for the proteid compounds of the plant. But 
the result of our water-culture proves, in the first place, that plants are able at 
any rate to absorb the whole of their nitrogen in the form of compounds of nitric 
acid ; but if, on the other hand, the attempt is made to replace the latter by ammonia 
salts, experimental difficulties make their appearance which we will not here discuss 
in detail If, further, it is remembered that the ammonia produced in nature by 
the rotting and decomposition of organic remains, especially in vegetable soil, is 
easily transformed in the presence of potassium salts into compounds of nitric acid, 
which may be detected everywhere in vegetable soils and waters, and that nitric 
acid is contained in rain water, although in very small quantities, one comes to 
the conclusion that (apart perhaps from certain special cases, and particularly apart 
from parasites and Fungi) ordinary green plants obtain the nitrogen for the formation 
of their proteid substances, and therefore of their protoplasm, from salts of nitric 
acid. It may here be remarked in addition that the soil of gardens, wheat-fields, 
vineyards, orchards, and so forth, is usually somewhat deficient in compounds of 
nitric acid, and that on this account the production of vegetable substance, although 
all other nutritive matters are present in the soil, proves to be relatively small ; a 
suitable addition of saltpetre is in such cases always calculated to increase the 
vegetation to its utmost luxuriance, and if other nitrogenous manures act similarly, 
we may assume that they give rise in the soil, sooner or later, to salts qf nitric acid,# 
which are absorbed by the roots. 

Finally, the question remains as to the source of the carbon in our experimental 
plants. If we suppose the plant, after driving off the water, to be dried at 
100-120^ C., about half of the total dry substance consists of carbon. This 
element in fact is contained in every organic compound, as well as in the cellu- 
lose, protoplasm, and fatty bodies which play the most prominent part in plants. 
Our plants, nourished with aqueous solutions of salts, could not absorb any 
carbon compound, however, from this nutritive solution. Investigation shows, 
on the contrary, that they continually excrete small quantities of a carbon com- 
pound, viz. carbon dioxide; and I shall subsequently show that it is entirely 
erroneous to suppose that the carbon dioxide which usually abounds in the soil 
is absorbed by the roots and conveyed to the leaves. The question for us now, 
however, is whence comes this great mass of carbon which is gradually accu- 
mulated in the organic compounds of our experimental plants? It is, at any 
rate, not derived from the nutritive solution. There remains, therefore, only 
one source, the atmosphere — ^Iralf of the dry weight of the organic substance of 
plants must be derived from the atmosphere. This fact now, after two hundred 
years of scientific progress, follows with absolute certainty from every experi- 
ment-on nutrition with green-leaved plants. But the founders of the theory of 
the nutrition of plants, Ingenhouss and De Saussure, discovered this fact — one 
might almost say the most important fact of biological science— by very different 
methods; and in my ‘History of Botany’ I have attempted to show how this 
important, natural process was gradually discovered by these men, and to what 
misconceptions and foolish objections by incompetent minds, even this now in- 
# I . . 
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disputable fact, like every other great discovery, has been exposed, to such an 
extent, indeed, that some forty years ago the weighty word of Justus von Liebig 
was needed, fjcforc the fact that the carbon of plants is derived solely and simply 
from the atmosphere was again completely established. We shall not be concerned 
more in detail with how plants obtain the carbon from the carbon dioxide of the 
atmosphere until the following lecture : meanwhile the source only of this substance 
interests us here, quite apart from the physiological work of the plant. iMany 
so-called investigators were prevented, for more than forty years after the discoveries 
of Ingenhouss and De Saiissure, from believing in the atmosphere as the exclusi^'c 
source of the carbon, by the fact, knovm even then, that the relative qiiantiiy of 
carbon dioxide contained in the air is extremely small Innumerable analyses of air 
have shown, in fact, that in 10,000 litres (that is in 10 cubic metres) there are 
contained on an average but 4-6 litres of carbon dioxide ; and since i litre of 
carbon dioxide weighs about 2 grams, 10 cubic metres of air contain 8-12 
grams of carbon dioxide. This quantity certainly appears very small, the more 
so since only -/j of it consist of carbon, and, as we shall see later, the w-hoie 
of the oxygen of the carbon dioxide (that is ^x) are given off by the plant. 
Nevertheless so much is clear, that 10 cubic metres of air contain somewhat 
more than 2 grams of carbon, from which, by combination with hydrogen, 
oxygen, nitrogen, and sulphur, according to circumstances in each case, 4-5 
grams of vegetable substance may be formed. A plant, however, which in the 
living state contains 4-5 grams of organic substance, w-eighs, together with 
the water contained in it, about 20-25 grams on the average, and this would, 
certainly be a rather small specimen. However, not only a plant growing in the 
open, but even one in a room, has at its disposal much more than io cubic metres 
of air, for, on account of the continual movement of the atmosphere, new air con- 
taining carbon dioxide is alw’-ays being conveyed to the leaves ; and on closer 
consideration it is seen to depend essentially only upon whether the green leaves 
are able to snatch these relatively small quantities of carbon dioxide from the 
atmosphere with sufficient rapidity. That they actually do this is shown by the 
result— the fact that very considerable quantities of carbon are accumulated in a 
plant in a relatively short time. I found, for instance, that a very vigorous 
Tobacco plant in the course of roo days during its development in the garden 
absorbed more than 400 grams of carbon from the air, and a Sunflower 
fixed more than 800 grams in the same time; quantities which were contained 
in several thousand cubic metres of air. Moreover, the further fact that a Gourd 
plant, with a leaf-surface measuring one square metre, is able in the course of ten 
hours of daylight to produce as much as 8 grams of starch, in which nearly 
4 grams of carbon are contained, show^s that the carbon dioxide of 20 cubic 
metres of air has been made use of by this area of leaf-surface in one Clay 

These reflections on the source of the carbon enable us at the same time to 
perceive that it would be exceedingly unreasonable to make such experiments on 
nutrition as have been described, in a completely closed space to which the air has 


^ [See further Sachs, in Arbeiten des bpi, Imtitut zu IViirzhirg) B. Ill, 1884, where the 
quantities of starch produced are shown to he conriderably greater.] 
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not free access. In this way the necessary supply of carbon would be cut off from 
the experimental plant; and without this no formation of vegetable substance 
whatever can take place, since all organic compounds contain considerable quantities 
of carbon. After these considerations, some readers might be in doubt as to 
whether the great masses of carbon accumulated year by year over the whole 
surface of the globe in the form of plant-substance are really contained in the 
atmosphere. Nevertheless, * one may be satisfied of this ; the carbon dioxide in 
the whole terrestrial atmosphere is to be reckoned, not by litres, but by thousands of 
cubic miles; and, as has long been calculated, would provide the total vegetation 
of the earth with carbon for many years, even if new supplies ol carbon dioxide were 
• not continually being formed. It is, it is true, an optimistic fable to suppose that 
the world is so perfectly arranged that all the carbon dioxide produced by the 
respiration of animals and men exactly suffices, to equalise the consumption of carbon 
; dioxide of the whole vegetation of the earth. Nevertheless, an enormous quantity of 
j carbon dioxide is continually being supplied to the atmosphere by this very respira- 
tion of animals, as well as by the processes of decomposition, especially of dead 
plants themselves, which are taking place everywhere, and by means of innumerable 
, springs charged with carbon dioxide, and by hundreds of smoking volcanoes, and in 
our time also by hundreds and thousands of smoking cliirhneys, through which the 
carbon of coal escapes as carbon dioxide, so that a lack of it need scarcely be 
expected for thousands of years. An approximate idea of how enormously large 
the condensation of the carbon of the atmosphere by the assimilation of plants 
must have been hitherto, is 'obtained on reflecting that the deposits of coal, lignite, 
and turf, spread over the whole earth, and the bituminous substances as great or even 
greater in quantity which permeate mountain formations, besides asphalt, petroleum, 
&.C., are products of the decomposition of earlier vegetations, which in the course of 
millions of years have taken from the atmosphere the carbon contained in these 
substances and transformed it into organic substance. 

We have not yet done, however, with the consideration of our experimental 
plant Any one conducting such an experiment, and not prepared with a knowledge 
of vegetable physiology, might possibly for convenience, or for some other reason, 
place the experimental plants with their nutritive solution at the back of a chamber, 
or in the middle of an ordinary dwelling-room or laboratory. He would then find, 
after a few 'weeks, that the plants had grown it is true to some extent, and even 
that a few fresh leaves had been formed after germination. These plants would, 
however, look unhealthy, shrivel up, and die; and after drying them and weighing 
their organic substance, it would be found that the latter, according to circumstances, 
is scarcely so large as the weight of the seeds employed, and may be considerably 
smaller. That plants cannot flourish under such circumstances is self-evident, how- 
ever, on learning from the researches of Ingenhouss and De Saussure, as well as 
from our own experiments, that the decomposition of the atmospheric carbon 
dioxide in the green parts, and the consequent production of new plant-substance, 
only occurs when the organs containing chlorophyll meet with light of sufficient 
intensity. By this is to be understood in general, so far as vigorous vegetation 
is concerned, ajl the daylight reflected from the sky, or, in the case of plants 
growing entirely in the open, direct sunlight. The whole nature of the plant is 


COmiTIOm AFFECTING THE EXPERhMMNTS. 



adapted to just this intensity of light, and but few species can floiirisli in the 
deep shade of woods. In a word, . the experimentai plants, to which we have 
hitherto coniinecl our attention, can only yield a satisfactory result when artificially 
nourished, if they are enabled, by being strongly illuminated, actually to make Ui-e of 
the carbon dioxide present in the atmosphere. Without the co-operation of light of 
sufficient intensity, the carbon dioxide of the atmosphere is as good as noiircxisterit, 
so far as the nutrition of the plant is concerned. The light, so to speak, affords to 
the cells containing chlorophyll the forces necessary for separating tlie carbon of the 
carbon dioxide from the oxygen, and uniting it at the same time to other elements, 
and transforming it into organic plant-substance. Hence it has been said, and 
correctly, that it is the sun which maintains vegetable life on the surfiice of the earth ; 
and since the entire animal vvorld derives its food from plants, it may be said that 
it is the energy contained in the sun’s rays which developes itself in the \'ital 
movements of all terrestrial organisms — animals as well as plants. The mechanical 
force contained in the solar rays acts in the chlorophyll-containing cells of the plant 
like the movements of a w^atch-key, by which the spring of the clockwork is wound 
up, and the vital processes of animals and plants resemble the slow running down 
of the clockwork ; for by these vital processes the organic substance produced in the 
chlorophyll-containing cells by means of the light is gradually destroyed again, and 
finally re-transformed into carbon dioxide and water, until, on the commencement of 
a new period of vegetation, the clockwork is wound up anew. 

Referring once more to our experiment on vegetation, after these comprehen- 
sive considerations suggested by the results, from another side, we have still to 
consider whether the experimental plants, nourished in an aqueous solution, grow 
as normally and vigorously as if we had brought them up in good vegetable 
soil The experiment is easily arranged; it suffices to cause severaf seeds, 
of the same species as those employed for the ^vater-culture, to germinate and 
develope in vessels containing an equal volume of good vegetable soil, and to 
expose these near our experimental plants, and to the same light. It is found 
by this that the vegetation is in both cases approximately equal, but in neither 
case so vigorous as when the plants are cultivated in the ordinary manner in the 
garden. They there meet not only with more direct light, and other advantages 
which growth in the open affords, but also, and above all, the roots are able to 
develope to more advantage in the open soil, becoming much longer and much more 
copiously branched than in our water-culture; moreover they are in contact partly with 
air, which they respire, and only partly with fluid, and their root-hairs attach tliem- 
selves, as we already know, to the particles of soil, from wliich they take up absorbed 
food-materials. This is simply the normal condition of true land-plants ; and their 
stay in a nutritive solution must necessarily affect their function abnormally. 
Nevertheless, the results of our water-culture are scientifically of value; since they 
show that although the roots are compelled to take up the food materials under 
abnormal conditions, nevertheless with their help much vegetable substance is formed, 
which behaves normally so far that with its aid the whole process of development 
of a plant may be completed, including the formation of seeds capable of germination. 
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THE PRODUCTION OF THE ORGANIC SUBSTANCE OF 
PLANTS— ASSIMILATION. 

Having learnt' in the last lecture what are the materials which a normal green 
plant must absorb from without, in order to build up its substance from 
them, we will now examine the question how and under what conditions the 
organic substance is manufactured. Since we know almost nothing as to the ways and 
means by which the constituents of the ash co-operate in these processes, we may limit 
our considerations to four points. In the first place, the decomposition of carbon 
dioxide may be treated of. This furnishes, as we know already, the whole of the 
carbon necessary for the manufacture of the substance of normal plants with green 
leaves. In the second place, proof is to be given that the cells containing chloro- 
phyll — or, more properly speaking, the chlorophyll-corpuscles only — are the organs 
by means of which organic substance is manufactured from carbon dioxide. Thirdly, 
it is to be observed that the chlorophyll is only effective as an instrument of assimila- 
tion when the vibrations of the ether which are perceptible to our eyes as light 
penetrate into its substance, and impart to it the forces necessary to produce organic 
substance from carbon dioxide and water. Finally, we wish to know what is the 
immediate result of the decomposition of the carbon dioxide in the chlorophyll 
under the influence of light. 

Concerning ourselves first with the decomposition of carbon dioxide, we may 
again confine our remarks, for the sake of clearness, to the artificially nourished 
plant referred to in the previous lecture. The substance of this plant is combustible, 
and after combustion it leaves behind a small quantity of ash, consisting of the 
salts taken up by the roots, and which we know to be indispensable for the 
production of organic substance. The fact that the organic substance of the plant 
is combustible, however, essentially implies that it consists of chemical compounds 
poor in oxygen, which are in a condition to become oxidised on the entrance of 
atmospheric oxygen at a red heat, and hence to be transformed for the most part 
into carbon dioxide and water. Just as organic plant-substance is produced from 
compounds rich in oxygen — carbon dioxide and water (with the co-operation of 
other compounds rich in oxygen) — so also they may be brought back again into 
the form of the same compounds by oxidation. The fact that plant-substance is 
combustible, itself implies that in its production from non-combustible compounds 
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containing much oxygen a considerable quantity of oxygen muf-l: have been liberated, 
since otherwise the organic substance could not be combustible. 

It is seen from this simple consideration that somewhere and in some manner 
oxygen must be separated in nutrition; and long before these reflections were estal)- 
lished this evolution of oxygen had beeiij as a matter of fact, observed. Towards 
the end of tlie last century, Priestly, Senebier, Ingeiihouss, and later, with classical 
completeness, De Saussure, established the fact that the green organs of plants evolve 
oxygen under the influence of light, if they are at the same time in a position to take 
up carbon dioxide from without. It is of importance to the history of botany to 
make clear how this important fact was gradually established and explained by the 
men referred to, and how, for forty years subsequently, almost inconceivable 
misapprehensions again obscured the clearly established fact, until more recently 
it came to be counted among the indisputable acquisitions of science. 

As an essential point, it is at the same time to be insisted upon here that the 
volume of oxygen evolved is equal to the volume of the carbon dioxide taken in, 
as De Saussure and, later and more exactly, Boussingault, have already established. 

This signifies, in other words, that the chemical processes in the cells containing 
chlorophyll run their course as if all the oxygen of the carbon dioxide taken up 
was evolved. This fact is of the utmost importance, because further consequences 
respecting the processes in the assimilating cells can be concluded from it. 

Since we are here treating of those chemical processes by means of which the 
production of organic substance from inorganic materials (carbon dioxide and water) 
originally takes place in the natural course of events, and since this organic substance 
affords the constructive material not only for plants but for the whole animal kingdom 
as well, it must interest the student of vegetable physiology to observe the process i;’ 
for himself. This can, of course, only be effected indirectly, and this most simply by 1; 
placing water-plants such as Ceratophylhim^ Myriophyllum^ Udora {Elodea). Polamo- r 
geton^ etc., in water containing carbon dioxide, and taking care that a smooth cross- \ y 
cut is made at the lower part of the leafy shoot-axis. If the vessel filled with water \ 
containing carbon dioxide, in which the shoot is submerged, is placed at a window on || 
w^hich the sun is shining, a stream of small bubbles of gas is at once seen to spring || 
from the cut end of the shoot-axis, and to escape upwards. If a glass tube previously ; 
filled with water is inverted over the surface of the water in the vessel, the gas evolved : 
by the water-plant may be collected, and it is then shown that this gas, if the experi- 
ment has been properly made, is very rich in oxygen, but contains also carbon dioxide 
and nitrogen. These two latter gases, however, really owe their presence to a falla- 
cious arrangement of our experiment : for the bubbles of oxygen evolved by the plant 
ascend into the collecting vessel through w^ater laden with nitrogen and carbon dioxide, 
and, according to the general laws of diffusion of gases, they must take up carbon 
dioxide and nitrogen from the water during the ascent. Although this experiment 
with the above water-plants is particularly suitable for ocular demonstration of 
the work of plants, a more circumstantial and less obvious mode of procedure 
is more convenient for rendering clear the true process of the decomposition of 
carbon dioxide. For this purpose,, it is- better to employ leaves, or portions of the 
leaves, of land-plants ; pushing them into a glass tube which is cylindrical and gradu- 
ated below, and dilated above. Into this tube, closed below with mercury, an accurately 
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measured quantity of carbon dioxide gas is placed, together with atmospheric air, and 
the whole apparatus is then placed in the sunlight. After some time, perhaps an 
hour, the leaf is withdrawn, and the carbon dioxide and oxygen contents of the air in 
the glass tube examined, according to known gasometric methods. It now turns out 
that the quantity of carbon dioxide has diminished, while the proportion of oxygen has 
increased ; and, moreover, it is shown that for each cubic centimetre of carbon dioxide 
which has disappeared, a cubic centimetre of oxygen has become free. Such an 
experiment, it is true, is little suitable for demonstration in the lecture room, since it 
demands at least three or four hours of work, besides corrections and calculations : it 
supplies, however, incontestable proof that carbon dioxide is decomposed by means 
of a green leaf, under the influence of light, and that an equal volume of oxygen is 
evolved in its place. What we here observe, however, in the case of a single small 
leaf, or portion of a leaf, is proceeding more or less energetically during the whole 
day in all green leaves of plants in the open, even when the sun is overshadowed 
by clouds ; and what appears in our experiment as the decomposition of a few cubic 
centimetres of carbon dioxide, is represented in the case of a meadow, a corn-field, or 
a forest, by hundreds or thousands of litres of this gas. 

That it is by means of the chlorophyll of the plant that the absorbed carbon 
dioxide is decomposed and its oxygen evolved, follows with certainty from the fact 
that it is only and exclusively those parts of plants which contain chlorophyll that 
are able to effect this decomposition h No organs devoid of chlorophyll, such as 
roots, subterranean tubers, floral leaves and stamens ; no chlorotic white leaves, or 
yellow etiolated leaves grown in the dark; and again, no non-green parasites or 
Fungi, yield oxygen in the experiment just described: on the contrary, they 
continually evolve carbon dioxide from their interior, though in relatively small 
quantities. In such organs devoid of chlorophyll, therefore, no reconstruction of 
combustible organic substance poor in oxygen can take place; and thence follows 
at once that in all plants containing chlorophyll, the organs which are not green 
consist of organic compounds which have been produced in the organs containing 
chlorophyll, and in like manner that plants generally which contain no chlorophyll, 
such as true root-parasites and all Fungi, are necessitated to absorb organic sub- 
stance poor in oxygen from without, because they lack the organs for decomposing 
carbon dioxide and producing organic substance. Since, however, all animals are 
likewise devoid of these organs, and are thus unable to form organic substance 
from carbon dioxide and water, although they build up their bodies from such 
substance, it follows obviously that the substance of the bodies of all animals is 
originally produced in the chlorophyll-cells of plants. The few low’-er animals which 
apparently contain chlorophyll — certain Infusoria^ Sponges^ and Plamncs — contain 


^ That the green-coloured protoplasm, the chlorophyll, is the organ of assimilation, was first 
expressed definitely by me in my ^ Expcrimental-Phydologie.^ (1865, p. 319), in opposition to the 
utterly indefinite statements of earlier physiologists, according to which green plants possess a 
daily respiration with the evolution of oxygen, and a nocturnal respiration with the formation of 
carbon dioxide, and after the doubts which even the distinguished Theodore de Saiissure entertained 
as to the signification of chlorophyll. I expressly insisted upon the point that qt is a striking 
phenomenon in the history of vegetable physiology that the chlorophyll has not long ago been 
distinguished definitely as the instrument foi* the separation of oxygen,’ 
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chlorophyll as a matter of fact, not as a proper constituent of the body, but, as 
Brandt has recently shown, have vegetable cells (Algse) containing chlorophyll in 
tlieir bodies : by means of the assimilation of these green bodies, such animals may 
he nourished under certain circumstances 

It matters little in what form the chlorophyll is contained in the cells : whether, 
as is usual, in the form of soft granules, or, as in the Conjugatere (a gnoup of Alga?), 
in the form of green bands or plates, or even simply as masses of protoplasm tinged 
with green, as in the Palmellacm and some other AIgse. It also makes no essentia! 
difference whether or no other colouring matters besides the chlorophyll are present 
in the cells, as in the red Alg^ {Floridem) or the yellow-brown Fucaceetc It was 
a fatal mistake of De Saussure’s to argue from the red colour of many leaves, such as 
the red garden Orache {Airiplex horfensis), that chlorophyll is unnecessary for the 
decomposition of carbon dioxide : Cloez, in 1863, first insisted upon the presence of 
chlorophyll even in such cases. The whole literature on the nutrition of plants, even 
of twenty or thirty years ago, shows how ill established was the knowledge of the 
fact that it is the chlorophyll only which efifects the decomposition of carbon dioxide : 
it was always the custom to say cautiously that green plants decompose carbonic 
acid, without more exactly indicating which organ effects this decomposition. In 
general, definite recognition of the fact that it is the chlorophyll which is the agent 
for the decomposition of carbon dioxide has only made way since the appearance of 
my ‘ Handbook of Experimental Physiology ' in 1865 ; and when a more recent author 
finds that, properly speaking, it is not the chlorophyll but the cell containing chloro- 
phyll which is the organ of assimilation, because the one is contained in the other, it 
is somewhat equivalent to saying that the eye is not properly the organ of sight, since, 
when taken out of the head, it is no longer capable of seeing. Since no cell assimi- 
lates so long as it possesses no green chlorophyll, but does so as soon as it is provided 
with it, we are justified in distinguishing the chlorophyll-body itself as the organ which 
decomposes carbon dioxide, and consequently assimilates the organic substance. The 
most definite proof, however, is afforded by the fact, to be stated more exactly further 
on, that the first recognisable product of assimilation appears not in any haphazard 
place in the cell containing chlorophyll, but in the chlorophyll-body itself. 

I have repeatedly taken the opportunity of referring in these lectures to 
the essential co-operation of light in assimilation in the chlorophyll. We are 
here in fact concerned with the dependence of plant-life upon the external world, 
and in reviewing the different phenomena of vegetation this must never be lost 


sight of, if the most mischievous errors are to be avoided. The great importance of 
the fact that a plant containing chlorophyll, so long as it does not meet with light 
of sufficient intensity is not able to decompose carbon dioxide, and, therefore, is not 
capable of producing organic substance of any kind whatsoever, must always be 
kept in view. For those not familiar with vegetable physiology a misleading diffi- 
culty arises in that plants, in spite of being in dark*or feebly illuminated situations, are 
able, according to circumstances, to continue living and even to grow vigorously for 
some time, particularly when they are well provided with assimilated reserve-materials. 

1 K. Brandt, ‘ Ueher das Zusammenkben: von Tkierm und (Verhandl. der physiol 

Gesellsch. zu Berlin), Dec. 2 , i88i. , . 
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The uninitiated student easily draws thence the erroneous conclusion that the growing 
plants must also be nourishing themselves. In the following lecture I shall show 
more in detail that growth of the organs and assimilation in the chlorophyll are two 
processes mutually independent in a high degree. In order that a plant, or certain 
of its parts, may grow, it suffices that organic matters assimilated by the previous 
activity of chlorophyll are present; and, conversely, a plant may be assimilating 
vigorously without growing at the same time. When, therefore, plants grow in the 
dark, or with insufficient illumination in general, this takes place at the cost of such 
assimilated substances as have previously been stored up in the tissues of the seeds, 
tubers, bulbs, root-stocks, or in the cortex of the branches of trees, etc., and which 
are now utilised in growth. Moreover, growth with insufficient illumination destroys 
considerable quantities of organic plant-substance, in consequence of the respiration 
connected with it, as I shall demonstrate in detail in a later lectilre. Hence it comes 
about that the dry weight of plants growing in the dark is diminished, and this 
growth in the dark can therefore only continue until the existing reserve-materials 
have been used up. 

For the sake of completeness, this opportunity may be taken of incidentally 
touching upon another point. As the instrument of assimilation can only have 
its assimilating activity set at work under the influence of light of sufficient intensity, 
so also it is in most plants only brought to complete development by the light. 
The leaves of flowering plants, especially when they are formed by growth in the 
dark, produce chlorophyll-grains in their cells, it is true, but these are not 
green; they remain yellow^, tinged with a colouring matter which is but little 
different from the green colouring matter, but which is unable to communicate 
to the chlorophyll-grain the power of decomposing carbon dioxide. Such yellow 
etiolated leaves do not assimilate, as experiment shows ; exposed for some time to 
light, however^ even though feeble, they become green, and are then able to 
decompose carbon dioxide. Nevertheless, as I established twenty-three years ago, 
the development of green chlorophyll is not in every case connected with the 
influence of light: the primary leaves of the seedlings of Conifers develope their 
normal chlorophyll even in profound darkness, and the leaves of Ferns behave 
similarly. This dependence of the formation of chlorophyll upon light (not, as we 
see, without exception) often led formerly to the erroneous assumption that the 
greening of leaves is itself a process of assimilation, and connected with the evolution 
of oxygen. A direct refutation of this view, howwer, lies in the observation that 
very feeble light enables the yellow leaves produced in the dark to become green, 
although this feeble light is far from sufficient to cause the green chlorophyll-grains 
to assimilate. This important fact, much too little noticed, may be very easily 
confirmed by allowing seedlings of Beans, Maize, Tropmlum^ etc., to germinate 
in pots situated at the back of an ordinary dwelling-room. Their first leaves 
become green: that no assimilation follows, however, is shown by weighing the 
dried plants, which yield a smaller weight of organic substance than was contained 


^ On the behaviour of chlorophyll in the dark, cf. my * Experimental- Physiol ogie' p. 317, and 
Pfeffer, ^ PJlanzen-Physioiogie,’' p, 221.— On the dependence of the formation of chlorophyll upon 
temperature, see Sachs, Flora, 1864, p, 497, and 1862, p. 129. 
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in the seed. That the greening'is for and by itself no assimilation process, however, 
and that it takes place without the decomposition of carbon dioxide, may be de- 
monstrated fiirtlier with the aid of the apparatus here figured. The yellow leaves, 
previously grown in the dark, are placed under the bell-glass, and, \vheii the apparatus 
stands in the light, become green, even if the plate is filled with a strong solution 
of potash which completely absorbs the carbon dioxide under the bell-jar. 

Finally is to be mentioned the fact that the organ of assimilation, even when 
it has been previously normally developed in the light, can dispense with the 
light for a time (in the normal course of things it does so every night) without 
taking any harm thereby; but more permanent darkness, or even only deep 
shading (i. e. for several days or weeks), brings about a disease of the previously 
green cells, their chlorophyll-grains become destroyed, and the leaves turn 
yellow and finally perish. This even occurs in the feeble illumination in 
which, as mentioned above, the same leaves previously became green. Never- 
theless there are plants, the green organs of which can dispense with light, even 
for months together, without dying. I found this to be the case for instance with 
some species of Cacius and Selaginella, 

In the main, the dependence upon light 
here referred to is particularly true for 
quickly growing summer-plants. 

All the relations between the organs of 
assimilation and light here mentioned, as 
well as the independence of growth with 
regard to the latter, must be carefully ob- 
served, if the important fact that the decom- 
position of carbon dioxide and assimilation 
in the chlorophyll are a function of light is 
to be properly understood. It follows 
from what has been said, that not light of 
any haphazard intensity will do what is 
necessary. Unfortunately we lack photometric methods to enable us to distinguish 
those intensities of light which come into consideration in assimilation with the same 
precision, and generally intelligible exactness, as is possible with the thermometer 
with respect to temperature. The most exact photometric methods, and especially 
the method proposed by Bunsen, for instance, only give us information as to the 
intensity of the strongly refractive rays of light, the so-called chemical rays; but 
these, as I shall show subsequently, only come incidentally into consideration. 
We must therefore adopt entirely different methods with respect to statements 
concerning the intensity of light necessary for assimilation, and which will not be 
here given in detail. Only so much is obvious, that, for the decision of certain 
questions, use may be made of the law that with double the distance of a 
surface from a luminous point, the intensity of illumination of the latter sinks 
to at three times the distance to I*, &c,; and that the intensity of illumination 
of a leaf-surface at the same time depends upon the sine of the angle of incidence. 
It would cost us too much time, and would moreover lead to no satisfactory result 
in the end, to enter more in detail into these matters. It must therefore suffice, that 



302 


LECTURE XVI J I, 


assimilation by means of the decomposition of carbon dioxide, in most plants, and 
especially in the case of meadow and cultivated plants, trees, and garden-plants of 
the most various kinds, only takes place with normal vigour and productiveness 
when the ordinary strong daylight of summer is at the disposal of the plants. The 
much feebler light in greenhouses, or even in ordinary dwelling-rooms, suffices, it is 
true, with most plants to bring about a less productive assimilation in the green 
leaves; but the sickliness of the plant shows how feeble is the nutrition under 
such circumstances. It is also to be observed that a pot plant standing close to 
a window, under the best of circumstances only receives the light radiating from 
half the sky, and only meets with the direct rays of the sun occasionally. If the 
plant stands somewhat further removed from the window, it is only necessary to 
imagine straight lines running from the plant or a leaf to the edges of the window, 
and thence direct to the sky, to find the extent of that part of the latter the rays 
of w’hich fall directly on the leaves: it is then perceived that a plant removed but 
a few metres from the window, only receives a very small proportion of light from 
the sky, and as a rule meets with no direct sunlight at all. Accordingly, the 
nutrition of plants in the middle of a room is extremely poor, and sooner or 
later they inevitably perish. On the other band, however, it is also to be observed 
that while there are many plants which only flourish w’’ell in places which receive 
the full light from the sky, and the direct rays of the sun, others exist which 
prefer the shade of woods, or even the feeble illumination in the interior of deep 
caverns. Here belong, for example, besides some species of Pyrola^ many 
Mosses, and especially Liverworts ; those Algse which grow exclusively in the 
depths of large seas, and are thus feebly illuminated, also show, that they find 
the conditions of their existence in less intense light. Just as for each mani- 
festation of life in plants there is an upper limit of temperature, which cannot 
be passed over without injury, so also there is certainly an upper limit of intensity 
of the light, at wffiich the chlorophyll-grain can no longer accomplish assimi- 
lation. Of course this limit of the intensity of light cannot be exactly given, 
in the absence of suitable photometric methods; and when Pringsheim makes 
circumstantial statements concerning the behaviour of cells containing chlorophyll 
in the focus of a lens, or in the sun’s, image, as he terms it, these purely 
pathological processes have about as much physiological value as if, for any 
reason whatever, ^ so-called sun’s image were allowed to act on the retina of the 
eye through a burning-glass. Much better are the statements of several ob- 
servers who, employing direct light, allowed the evolution of oxygen of one and 
the same plant to take place under various degrees of shading, and so established 
that a maximum effect at a light-optimum exists for this function also. In the 
absence of photometric measurements of general value how^ever, I pass over these 
statements also. 

We have much more information as to the various effects of the individual con- 
stituents of sunlight, than with respect to the cardinal points of the intensity of the light 
^concerned in assimilation. As is well known, the light of the sun, like that of most 
incandescent bodies, is a mixture of very different luminous rays, which are distinguished 
by their refrangibility, i.e. by the amount of divergence which they undergo on entering 
another medium, as well as by their chemical effects ; and obviously the question must 
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force itself upon the investigator whether, and in what manner these different rays 
of light, of which daylight is made up, influence assimilation in the chlorophyll 
For the preliminary guidance of those not quite familiar with the physical knowledge 
appertaining here, the following remarks may be made* If the sun’s rays are 
allowed to fall through a narrow slit in the shutter of a room, they pro- 
ceed through space in the form of a straight band, W'liich can easily be seen as 
luminous stride in the dusty air: if these luminous striae or bundles of rays are 
allowed to pass through a triangular glass prism, the edges of which we suppose 
' vertical, two results follow. First, the ray of light is diverted from its straight path— 
it falls on quite another spot on the hind wall of the chamber than was the case 
in the absence of the prism ; and secondly, instead of the one bright stripe which 
the solar rays originally formed on the hind wall, there now appears a horizontal 
coloured band, the so-called solar spectrum, in which the colours of the rainbow, red, 
orange, yellow, green, blue, and violet, follow one another in such a way that 
the red portion is least, and the violet most strongly diverted from the rectilinear 
path of the beam of light. In this spectrum, by proper management, a number 
of black lines appear, running perpendicularly in the horizontal band of colours ; 
these are the so-called Fraunhofer’s lines, which, as Kirchoff and Bunsen have 
shown, are produced by the absorption of certain rays of light by the incandescent 
vapours of certain metals in the solar atmosphere. From these fixed lines in the 
solar spectrum, the most evident of which are distinguished by the letters A, C^— 
it is possible to determine exactly the place where definite effects occur. The 
refrangibility and colour of the different parts of the spectrum are a consequence, as 
the science of optics teaches, of the different wave-lengths in the vibrations of the 
luminous aether, of "which the light consists. 

If now the solar rays, passing through the slit, are allowed to traverse a glass 
vessel with parallel walls containing a dark blue solution of ammoniacal oxide 
of copper, the whole of the red and yellow, and part of the green bands in the 
spectrum disappear; the blue solution has absorbed, kept back, or destroyed 
these constituents of the ^un-light. If a vessel with a concentrated solution of 
bi-chromate of potash, ‘^^^which appears to our eyes of a^d^ep orange colour, is 
placed at the same spot, just those parts of the spectrum are cancelled wfoiefo 
previously passed through the .. .blue solution — i. e. we now see in the spectruiri-^the 
red-orange, yell^, ..and 'a part of the green, while the blue and violet have 
disappeared. We have thus in these two fluids .excellent means for cutting out 
the one or the other half of the solar light; and we can therefore, with the aid 
of these two solutions, experimentally answer the question, what effect does the 
red-yellow or the blue-violet half of the spectrum respectively exert in the de- 
composition of carbon dioxide ? After the preliminary and less instructive researches 
of Daubeny (1836), I made in 1864 a detailed investigation with regard to this 
question k In a glass cylinder fiUed with water containing carbon dioxide a 
water-plant was placed ; at the cut surface of the stem of this the oxygen evolved 
under the influence of light escaped regularly in the form of bubbles. This cylinder 


' Sachs, * Wirhmtgm farbigen Lichtu anf Bot. Zeit. 1864, p. 353, where the older 

literature also is collected. 
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was placed in a second, wider cylinder, and the space between both filled with 
one or other of the solutions previously mentioned, or with pure water. After 
careful consideration and preparation, I employed as a measure of the decomposition 
of carbon dioxide in the plant, the number of bubbles which escaped h'om the cut 
surface of the stem in one minute b It was now possible to conduct the investigations 
m such a manner that the plant could be observed alternately for one minute re- 
spectively in white complete light, in red-yellow, or in blue-violet light, one 
immediately after the other, and the gas-bubbles counted. It turned out that in 
the blue-violet light only very little carbon dioxide was decomposed, while (having 
regard to accessory circumstances) the eiffect in red-yellow light was nearly as 

strong as in the full light which passed 
through pure water. This result, as well 
as the observations previously made by 
Daubeny, Draper (1844), Gloez and Gra- 
tiblet {1851), contradicted the prevailing 
view- of the physicists and chemists, that it 
is the blue-violet part of the spectrum 
which almost alone brings about photo- 
chemical effects. The decomposition of 
carbon dioxide in the plant evidently de- 
pends upon a photo-chemical effect; and’ 
yet we here see that that portion of the 
spectrum which is distinguished by phy- 
sicists as the one chemically effective, is 
relatively inactive, while the other half 
of the spectrum is here the effective 
one. I directly confirmed this apparent 
contradiction, again, by placing in the 
upper part of the glass cylinder contain- 
ing the plant a small apparatus which 
enabled me, while observing the separa- 

FIG. aso.-The 8:lass cylinder Ci contains the plant fion of OXygeH, simultaneOUSlv tO obSCrve 
Kn water, in which the thennonieter t is immersed. The ^ •' 

cylinder CV is then placed in the larger cylinder Ca, and the cffcCt of thc COlOUred light Oil pho- 
the interspace filled with the coloured liquid, k sup- , o 

porting hooks. A disengages carbon-dioxide, which is tOgraphic paper. WhCH the light PaSSCd 
washed in water in the flask y>’. ^ ® ^ ^ ^ 

through the blue-violet solution, the evolu- 
tion of oxygen in the plant was extremely 
small, while the photographic paper became deep brown; when, on the other 
hand, the red-yellow solution was interposed, the plant evolved large quantities of 
oxygen, while the photographic paper reacted but little and feebly. 

It may here simply be remarked that it was an inaccurate generalisation on 
the part of physics and chemistry to designate the blue-violet portion of the spectrum 
as the part chemically active, simply because the corresponding rays of light 
cause silver salts to decompose and a mixture of chlorine and hydrogen to form 


^ With respect to the method of counting the bubbles employed by me^ and much discussed 
later, cf. Pfeffer, FJlanzm- Physiologies p. 215. 
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livdrocliloric acid. The action of the red-yellow light on the decoin|'x>siiion of 
carbon dioxide which we have established contradicts no fact, but only a false 
generalisation; since It shows, that .other ' chemical processes which take place in 
the chloroph}'!! are brought about by, other rays of light, namely tlic red-ycllow. 
As regards the method of ^ experimenting, I subsequently devised a more con- 
venient arrangement. Glass vessels with parallel walls, and as large as possible 
(so-cailed Cuveiies), were filled with the solutions, and fixed somewhat like windows 
into opaque boxes y in these,, by means of a door at the back, the plant to be 
observed is placed in water containing carbon dioxide. 

So long ago as 1844 Draper had observed the evolution of oxygen from green 
leaves, by placing them, enclosed in small glass vessels, in various regions of the 
solar, spectrum, and determining the quantities. . of oxygen given off, and thus 
learning the effects of the different coloured parts of the solar light. He found 



Fig. aai.—The curves of assimilation, temperature, brightness, and chemical action of the various regions of tlie spectrum 
are represented on the spectrum of chlorophyll as an abscissa. 

that the effect in the red portion is extremely feeble, rising quickly in the red- 
orange, and reaching a maximum in the yellovr-green ; it falls again in the blue 
of the spectrum to an extremely small quantity. This obviously agrees with the 
researches described above, where the light passed through coloured solutions. 
If we suppose the solar spectrum to be an abscissa line, on which the effects 
discovered by Draper are erected as ordinates, the relative quantities of oxygen 
evolved in equal times in the various regions of the spectrum appear in the 
form of a curve, which begins in the red, reaches its maximum in the yellow- 
green, and then quickly sinks again towards the blue. This Draper's curve, 
as we may term the law of the dependence of assimilation upon the colour of 
the light, was tested more exactly by Pfeifer in 1870 by means of the eudio- 
meter, and then, in 1872, by counting the bubbles, a method employed by me 
previously^. The result of his observations may be understood most simply from 

^ Investigations on assimilation in coloured light are collected in Pfeifer’s ‘ Pfanzen- Physiologic^^ 

j88i, p. 211. 
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the accompanying figure, in which are represented the effects of the different parts 
of the spectrum, not only on assimilation in the chlorophyll, but also on the heating 
of a thermometer as well as on the decomposition of silver salts, and, finally, 
on the eye. It is seen at once that the evolution of oxygen, or Draper’s curve, 
cannot possibly be due to heating, or to the ordinary chemical effect of the 
spectrum; since the former reaches its max;imum beyond the red end, and the 
latter in the violet. However, the remarkable fact that the curve of brightness in 
the spectrum nearly coincides with Draper's curve, has led some to the erroneous 
assumption that Draper’s curve itself is an effect of brightness ;■ such an idea is 
simply •without meaning, since by the word brightness we mean in this case nothing 
more than the action of light on the human eye, an effect which may possibly 
be quite diderent on the eyes of different animals. It is obvious that the action 
of light upon our eye cannot possibly be the cause of the action of light on 
ceils containing chlorophyll. The entire assumption depends therefore upon 
want of thought. I expressed the matter of Draper’s curve correctly in the third 
edition of my ‘Text-book’ in the following words : the evolution of oxygen 
brought about by the chlorophyll is a function of the wave-length of light, so 
that only light of wave-lengths which are not larger than 
smaller than bring about the evolution of oxygen. Proceeding from 

both extremes, the effect of light on the evolution of oxygen ascends when its 
wave-lengths approach mm, where the maximum effect lies. Or, if we 

start with the medium wave-lengths of the coloured regions of the spectrum, 
measured in himdre.d-thousandths of millimetres, the evolution of oxygen is 
effected by light-waves the minimum length of which begins at about 40; it 
increases as this ascends to about 59, and decreases again as the wave-length 
increases, becoming almost nil at a wave-length of about 69, We have thus a 
phenomenon resembling the case of the curve of temperature, first established by 
me: as in that case the functions of the plant which depend upon temperature only 
begin wuth a certain intensity of the heat-vibrations, and ascend as the intensity 
increases, until at an optimum temperature the maximum effect occurs, falling 
again to zero with a further increase of temperature ; so also in the case of 
Draper’s curve; we see that the evolution of oxygen in plants begins at a certain 
small wave-length, and that a wave-length of represents about the 

optimum, where the maximum effect occurs, and that with a further increase 
of the wave-length the physiological effect falls to zero. 

Although these results have apparently only a purely theoretical interest, it 
is nevertheless not to be forgotten that they may be of practical value in the 

criticism of certain vital phenomena of plants. Plants for example which grow 

in the deep shade of woods, meet with light which has to a great extent passed 

through the translucent leaves of trees, and which has lost a great part of its 

yellow, blue, violet, and ultra-violet rays in the chlorophyll of the latter ; and in 
like manner plants growing in the depths of large seas receive light of totally 
different composition from that received by terrestrial plants, and to which the highly 
refrangible rays especially are wanting. Again, it is futile to attempt to improve 
greenhouses with blue glass, proceeding from the erroneous assumption that the 
plants wall thus have chiefly blue light conveyed to them, and from the further 
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erroneous assumption that this blue light must be useful to the plant because it 
belongs to tlie so-called chemical part of the spectrum. It lias !>een sliown above 
that the latter is not the case ; and moreover blue glass at most transmits as much 
blue light as colourless. That it appears blue is simply liecaiisc it destroys a large 
])roportion of the yellow light; and we have learnt that it is just this yellow light 
whieli is the effective con^stituent of daylight in the nutrition of the plant, llie 
effect of glazing greenhouses with blue glass is therefore direct!}' injurious: it 
depends on false conclusions from inaccurately established facts. 

Finally, the question as to the action of different coloured light on the nutrition 
of plants comes into consideration when artificial terrestrial sources of light are 
employed for the illumination of plants instead of ordinal-}' sunlight. This has 
hitherto taken place, of course, only in the interest of scientific research. It is 
theoretically certain, and has been established by experiment that the electric light 
— i. e. the light from incandescent electrodes — as well as lamplight, &c., when 
sufficiently intense, can effect the evolution of oxygen from organs containing 
chlorophyll. Flere, however, it is not to be forgotten that every such source of 
light possesses a different mixture of rays of different refrangibilily, or, in other words, 
a different spectrum; and, from what has been said previously, each source of light 
particularly rich in yellow rays will cause more vigorous assimilation. 

We pass, finally, to the fourth question mentioned in the introduction, which 
may be shortly answered thus : the first definitely established product of assimilation 
in the chlorophyll- corpuscles is starch (Amylum), or some other substance equivalent 
to it Very indefinite ideas were formerly entertained in this connection. It -was 
supposed, as resulted from the statements of the older physiologists and chemists, 
that an indefinite primordial slime, perhaps composed of various substances and 
impossible to characterise in detail, arises in the green organs of plants : it was 
believed that this substance was again recognised on its way in the living cortex 
of trees, and it was assumed that it penetrated into the various organs and tissues, 
there to break up into the numerous and various chemical compounds which 
are found in different parts of the plant. In a long series of micro-chemical and 
experimental researches on the distribution of starch and sugar, of proteid substances 
and of fats, and their use in growth, I came to the conclusion in 1862^ that 
the enclosed starch, which had already been observed in the chlorophyll-corpuscles 
by Naegeli and Mohl, is to be regarded as the first evident product of assimilation 
formed by the decomposition of carbon dioxide. I said to myself, if this view 
is riglit, the formation of starch in the chlorophyll-corpuscles must cease on 
the exclusion of light, since the decomposition of carbon dioxide can then no 
longer take place ; and that in like manner renewed access of light to the chloro- 
phyll-corpuscles must also bring about a renewal of the formation of starch in them. 
These and similar deductions were confirmed by appropriate investigations ; and 
yet more — I had already concluded from my previous micro-chemical analyses 


^ The foundations of my theory, that the starch in the chlorophyll is the first evident 
product of assimilation, were first laid in the following of my works: — ^ Floral 1862, Nos. 11 and 
21 ; and 1S63, p. 33 ; ^ Sot. ZeitA 1862, p. 366; ^ Jahrb, filr %viss. Botl 1863, III, p. 199; ‘Exp.- 
1865, p. 320. 
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of entire plants, in the most various stages, that the starch and sugar etc. which 
pass from place to place and are used up in the petioles, stems, growing buds, etc., 
were derived from the green assimilating leaves ; and, consequently, when assimi- 
lation ceases in these, the starch must also disappear from the chlorophyn-corpuscles 
themselves. This conclusion also proved correct. This is not the place to repeat 
in detail the numerous proofs, in part direct, in part indirect, which I brought 
forward during the years 1862-186.5, to establish the Tact that the starch-grains 
observed in the chlorophyll-corpuscles of normally vegetating plants are products 
of assimilation, and that, after their origin under the influence of light, they are 
dissolved and conveyed from the leaves, through their petioles, into the shoot- 
axes, and thence into the buds and apices of the roots, to provide the material 
for the growth of the organs; and that a portion of this original product of 
assimilation is made use of in metabolism for the formation of proteid substances, 
■while, on the other hand, fats may arise by relatively slight changes from the carbo- 
hydrates, and therefore, ultimately, from the assimilated starch. The thought arose 
that, in the nutrition of plants, it is only necessary in the first place to decompose 
carbon dioxide under the influence of light in the cells containing chlorophyll, 
with the co-operation of certain mineral matters absorbed by the roots, and to 
produce at the cost of its carbon an organic substance — starch — which then repre- 
sents the starting-point, so to speak, from which all the other organic substances 
of the plant proceed by progressive chemical changes. This conclusion has in the 
course of twenty years become more and more established as the correct one. 


LECTURE XIX. 


ORIGIN OF STARCH IN THE CHLOROPHYLL, AND IN THE STARCH- 
FORMING CORPUSCLES: FURTHER BEHAVIOUR AND FATE 
OF THE CHLOROPHYLL; 

It was stated at the end of the for^goitig lecture that the starch arises in 
the chlorophyll by means of the process of assimilation — i. e. by the decomposition 
of carbon dioxide under the influence of light — and that it represents the first 
product of assimilation hitherto known with- certainty. The attempt may now be 
made to establish these facts more definitely. 

If seedlings of the Gourd, Sunflower, Maize, or Garden-beans, or the sprouts 
of Dahlias or Helianthus tuherosus , are allowed to grow in the dark at a suf- 
ficiently high temperature — 25°C), uhtil development finally ceases, the tissues 
of these etiolated shoots, as well as those of the roots, are at length entirely emptied of 
assimilated substances. The plants in these cases consist almost solely of celh walls, 
protoplasm, and water. The most important fact, however, is that the small yellow 
chiorophyil-corpuscles in the leaves contain no trace of starch, either in the chlo- 
rophyll or in the other organs and tissues. If these plants, already green, or 
even those taken immediately from the dark, be placed at a light window, 
starch arises in the chiorophyil-corpuscles (which have previously become green) at 
first in exceedingly small quantity, w^hich rapidly increases in strong light. In the 
course of several days, 6 — 20 according to the temperature, abundance of starch is 
V. found in the chlorophyll, and subsequently also in certain layers of tissue in the 

^ petioles and shoot-axes; this may be folio w^ed into the buds, the young leaves 

of which now begin also to grow anew, since the starch produced in the chlo- 
rophyll again supplies material from which the tissues of new organs may be 
formed. By means of such investigations I first succeeded, in 1862, in experimentally 
^ proving that the starch formed in the chlorophyll under the influence of light, 
is the first visible product of assimilation^. In 1863 and 1864 I convinced myself^ 
i that tile starch contained in the chlorophyll of normally developed leaves may 

' disappear again in long-continued darkness ; and that it is possible to bring about 


^ Sachs, ' Ueber den Ehijluss des Lichtes auf die Bildtmg des Amyhmi in den Chlorophyll- 
kbrnernJ Bot. Zeit. 1862, p. 365. 

^ Sachs, * Ueber die Anftosung tmd Wiederbildung des Amyhtm in d€ 7 i Chlorophyllkarncrn bei 
wcchsehider Belcuchtimgl Bot, Zeit. 1864, pp.- 2 89 and 322. 
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the renewed formation of starch by a second illumination. I made these experi- 
ments with Begoma^ Tohz.CQQ, and Gerantu?n peliaiitm^ placing the entire plants in 
the dark until the starch had disappeared from the chlorophyll of the leaves; 
then, the plants being again exposed to the light, a renewed formation of starch 
resulted. In the first experiments with Begonia, certain portions of the leaves were 
covered with black paper on both sides, with the result that the starch disappeared 
from the chlorophyll of the leaves only at these places. I no-w employ this form 
of experiment in my lectures on vegetable physiology, in order to demonstrate 
the influence of light on the • formation of starch; or, better, of darkness on the 
disappearance of starch. It suflices for instance to fasten a broad band of tin- 
foil or lead in summer on plants with conveniently large leaves and growing in pots 
— e. g. Tobacco, Maize, Camia, etc.., without depriving the plants of light. After 
a few days, the leaves so treated are cut off, and thrown for a few minutes into 
boiling water in order to kill them, and to cause the starch in the chlorophyll 
to swell They are then placed for some hours in strong alcohol, which removes 
the chlorophyll colouring-matter, and the now colourless -leaves are Anally placed 
in a vessel containing a weak, pale brown, alcoholic solution of iodine. After 
a short time, the parts of the leaf which were not shaded from the light appear 
blue-black, owing to the formation of iodide of starch : the place shaded by the 
band of tinfoil, on the otlier hand, remains colourless, simply because the chlorophyll- 
corpuscles there contain no more starch. 

This experiment demonstrates yet another fact, viz., that the action of light 
is strictly local, and is not transferred to neighbouring shaded places. Moreover 
the action of carbon dioxide is also strictly local, as Moll showed in 18^78 1 
The leaves produce starch only at the places directly in contact with air con- 
taining carbon dioxide. If, for example, one half of a leaf is placed in a 
space the air of which is deprived of cai'bon dioxide,' w^hile the other half 
remains in the ordinary atmosphere, both halves being equally illuminated, starch 
arises in the chlorophyll only in the last-named half, tlie otiier producing none. 
Again, if the leaves of a plant rooted in garden soil are placed in a space 
w’^hich contains no carbon dioxide, no starch is produced in the chlorophyll, 
even with favourable illumination. These experiments prove that the view 
entertained until quite recently by the older physiologists, that carbon dioxide 
may be conveyed from the roots into the leaves, and there assimilated, is 
absolutely wrong. 

In some cases it is impossible directly to observe starch as the product of 
assimilation in the chlorophyll-grains. I found this to be the case in the 
leaves of our common Onion (Allium Cepa), where, however, large quantities of 
glucose (sugar) are to be recognised as the result of assimilation. As a rule 
this plant does not form starch, and the reserve-material in its bulbs also con-, 
sists of glucose. It was observed later, that in the leaves of Sirelitzia and Musa 
also fatty oils are found as a rule in the chlorophyll instead of starch. The 
assumption that the first product of assimilation of the chlorophyll is in these 


^ Moll, ^ Ueber die Herkunft des Kohlenstoffs in dcr Fflmizcl Arbeiten des bot. Inst, in Wurz- 
burg, II, 1878, p. 105. See also Vines, ibid., p. 131, 
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cases not slarcli, but' fat, was refuted however by Holle and Godicwskib who 
showed Unit, even in these p>iants, the decomposition of carbon dioxide j'ields 
a voiinne of ox}'gen ecjiial to that of the carbon dioxide {niiplrnvd, which could not 
possildr he ilie case if fat were immediately formed ; mid that under particularly 
hr\'ourai)le condiLions of assimilation — viz., on supplying larger quantities of carbon 
dioxide to the surrounding air, and using a stronger light — starcii can aclually 
be detected in the* chloro|)IiyII. It thus apipcars that in many plants the slarcli 
produced in the chlorojihyll may be at once transformed into fat, as may also 
be the case with some species of Vauckeria: this process presents nodiing 
at all siir|>rising, since I showed so long ago as 1859 and later, by numerous 
examples that the transformation of fat into carbo-hj'drales and of carbo-hydraies 
into fat, is a very common phenomenon in plants; and with respect to the 
glucose in AUium, it is simply to be noticed that it matters little for the plant 
whether the chemical processes produce starch or sugar, as we shall see again in 
the following lecture. 

Idle formation of starch in the chlorophyll ma}' be more easily observed in 
the sirnph' organised Algoe than in the leaves of the higher plants. Kraus found, 
in 1867, that in Spirogyra, previously kept in the dark and thus deprived of 
starch, the formation of starch was to be recognised, on illuminating it under the 
microscope, even after five minutes in direct simlight, and in the course of two 
hours in diffused daylight ; and similar results were obtained with the leaves of 
a Moss {Funario), and the w'ater-plant Eloded. It being, further, established that 
assimilation is much more energetic in yellow than in blue light, Famintzin also 
succeeded in demonstrating, in 1867, that starch is formed more rapidly under the 
influence of yellow than of blue light. 

Although my above-cited researches (collected in my FxpermenfaRphysMogie) 
admit of no doubt that starch, or a substance equivalent to it, is to be regarded 
as the first visible product of assimilation, , it was nevertheless a welcome con- 
firmation of my theory when Godlewski, in 1873, demonstrated, by experiments 
as ingenious as they were simple that In an atmosphere devoid of carbon dioxide 
no starch is produced in the chlorophyll-corpuscles, even in the light. He also found 
that tlie starch produced in the chlorophyll disappears, not only in the dark but 
even in intense light, when the surrounding air contains no carbon dioxide. Of 
particular importance is the fact, established by Godlewski, that on increasing the 
amount of carbon dioxide contained in the air to 8%, the formation of starch is 
four or five times more energetic in a strong light, while in difiused light the action, 
is much feebler. Very large quantities of carbon dioxide in the air, however, 
prevent the formation of starch; and the more so the feebler the light^. These 
statements are the more valuable since Godlewski had previously established. 


Godlewski, in Flora, p. 215, and Holle, iUd,, p. 113. 

Sachs, * Ueber das Auftntm dtr Stdrka bei Keirmmg dlhaliiger SamenI Bot. Zeit. 1859, 

^ Godlewski, * Abkdngigkezl def ' Siatk^^dung in den Chlorophyllkoyncrn von dem Kohlm- 
slmrcgchalt dcr LtiftI Flora, 1873, p. 378; 

^ Godlewski, ^ Abhdngigkeit der SauerstoffdbschHdung der Blatter von dem Kohlensdungehalt 

der LtiftI Arbeiten des bot. Instv in Wiirzbnrg, 1873, Bd. I, p. 343. 
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by a detailed investigation in my laboratory, that on increasing the carbon dioxide of 
the air to 5— -10% leaves (of Glyceria spectahilis^ Typha latifolia, and Oleander) 
evolve the maximum amount of oxygen in intense light 

On the basis of all these facts, there cannot be the slightest doubt that the 
starch in the chlorophyll-corpuscles is to be regarded as the first evident product of 
assimilation ; and that it continually undergoes solution in the light as well . as 
in darkness, and becomes distributed in some , form from the assimilating organs 
into the tissues of the plant. There it is either used up immediately for the growth 
of new organs, or is stored up as reserve-materials in seeds, tubers, bulbs, root-stocks, 
and the cortex and wood of trees; or it provides the material for the formation of 
other organic compounds, and especially for the synthesis of the proteld substances. 

Since, according to my theory, the basis for the whole of the organic substance 
of a normal plant is provided by the formation of starch in the chlorophyll of 
the organs of assimilation, and, above all, the whole of the carbon, in whatever 
organic combination it may be found later, occurs originally in the form of starch, 
it is particularly interesting to enquire how great the work of the assimilating chlo- 
rophyll may be under definite, and especially under normal conditions of illumination. 
The question, however, can so far only be approximately answered, since we cannot 
employ individual chlorophyll-corpuscles for such observations — nor even individual 
cells, the unicellular Algae not being suitable for quantitative determinations. 
Moreover, it is not impossible that the quantitative activity of chlorophyll-corpuscles 
similar in size and colour may be peculiar for each species of plant; and 
some observations make such an assumption almost probable. Since in the 
course of about 100 summer days a huge plant, the dry- weight of which 
may attain two or three kilograms, is developed from the tiny embryo of 
a Tobacco seed, 'while from the much larger seed of a Fir, for instance, there 
arises in the same time a small plantlet, the dry-weight of which only amounts 
to a few grams, it may be supposed that, among the very numerous causes 
which may effect this difference, the activity of the chlorophyll-substance itself is 
possibly much more energetic in the first example than in the latter. This, how- 
ever, is not the place to enter more deeply into so difficult a question. But it 
is desirable to know, even if only approximately, how much starch may be 
assimilated in the chlorophyll under favourable circumstances. Such consider- 
ations impelled me in 18*78 to persuade Dr. Weber, then my assistant, to 
undertake an experimental investigation, in the first place to decide only the 
question how great is the quantity of starch assimilated in a given time (e, g. 
ten hours of daylight) in the summer and with favourable illumination, by a 
certain amount of leaf-surface (e.g. a square metre ^). Even in this very simple 
form the answer to the question presents great experimental difficulties. This is 
particularly the case because the starch at first assimilated by the few leaves of the 
experimental plants is at once used up again for the production of new organs 
of assimilation ; the area of the leaves enlarges from hour to hour, and from day 
to day ; and older leaves cease to assimilatl^ and younger ones begin to perform 


^ Weber, ^ Ueber specijischc Assimilationscnergicl Arbeiten des bot. Inst, in Wurzburg, 11 , 

p. 346- 
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that function.' He repeated mea'surements of -the leaves must accompany 
the growth of the plaot—an exceedingly troublesome' task. We may of course 
also .proceed by preventing a plank already provided with a large assimilating 
surface, , from Increasing the latter and using up its products of assimilation in 
the shoots, which develope in the dark and thus take no part in assimilation. 
But , even here many difficulties arise. According to the first method, Weber 
found that in four species of plants distinguished by their thin and relatively large 
leaves, and by their rapid growth and considerable increase in weight in a short 
time, a square metre of leaf- surface produces the following quantities of starch 
in ten hours of daylight : — 

Tropmohmi majus •. . . . . . 4 ’44b grams. 

Phaseolus 7 nuliijlorm ...... 3*215 ,, 

Ricinus communis . . . . . . 5*292 

Helianihus annims •. •. . . . 5'5S9 » 

It is to be remarked, however, that the ash contained in the dry substance should 
be deducted from the calculation, and the loss of organic substance by respiration 
added to it; since the increase in weight of a plant in organic substance is, as a 
matter of fact, only- the difference between the quantities gained by assimilation 
and the quantities, of course much smaller, lost in respiration. This opportunity 
may be taken for making the additional i*emark that the quantities of starch present 
for the time being, which may be detected incidentally in the chlorophyll-corpuscles, 
is only transitory, since the starch arising in the chlorophyll by assimilation 
is continually being dissolved in the light, as well as in the dark, and conveyed 
into other portions of the plant. During vigorous assimilation its accumulation 
in the chlorophyll predominates: in continuous darkness, or feeble illumination, 
on the other hand, the solution and translocation of the starch prevail, and it is 
this which renders it possible to deprive the chlorophyll- corpuscles of starch for experi- 
mental purposes. 

Weber’s experiments were made, however, not in the open air but in a 
greenhouse, the illumination of which was very strong, it is true, but still not normal, 
as in the open. We may therefore assume that in the latter case the assimilation 
would have been more energetic, and the more so since plants in the open can 
also develope their roots more normally than in Weberns experiments, where they 
were confined in pots. This supposition is to a certain extent confirmed by 
Kreussler’s measurements, which, to be sure, were made by very different and less 
exact methods. Maize plants, according to these experiments, yielded as much as 
seven grams of starch per square metre in ten hours, under the above conditions ; 
and observations made later in my laboratory on Gourd plants, rooted in the open, 
yielded a probable number of eight grams of starch per square metre of leaf- 
surface per day, which nevertheless would give in 100 days only 800 grams of dry 
substance, while in a sunflower (Helianthus annuus) I obtained in 100 claj's more 
than 1400 grams of dry substance, al#t>ugh the foliage during the first fifty da}'S 
was certainly less than half a square metre, and even later did not amount to a 
whole square metre. It is thus to be expected that the energy of assimilation 
may, under certain circumstances, be considerably greater than eight grains per day 
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per square metre ^ At any rate, the numbers mentioned give an approximate idea of 
the enormous amount of work which the crown of foliage of a tree, such as 
a Horse-chestnut, Walnut, etc., must do in the course of a summer. In these 
cases the main mass of the products of assimilation is deposited in the form of 
wood; whereas in Peas, Beans, and cereals, a great portion of it passes into 
the fruits and seeds; while we find the products of assimilation of the Potato-plant 



Fig. £22,—./ cells vvith chloropliyll-corpiiscles, froin the FIG. 223, —Two filalneilts of in conjugation ; 

leaves of a Moss {Fimaria- hygromeiricaY B isolated tlie band of chlorophyll contaiumg groups of starch-grains. 

chlorophyll-corpu.scles. <2 li' with enclosed small starch-grains ; 
cde the same grown larger, a chlorophyll-corpuscle 

dividing, /"one swollen in water, the same dissolved, thh 
starch alone remaining. 

to a large extent stored up in the tubers, and those of the Beet in the huge root 
abounding* in sugar. 

Plaving thus learned to understand the amount of work performed by chlo- 
rophyll, first with reference to the external circumstances and then to the quantity, 
we may now submit the question, what takes place in the chlorophyll-corpuscle itself 
in these processes.'^ Here a distinction is to be made between the changes im- 
mediately perceptible with the aid of the microscope and miciT)-chcmical reactions, 
and the chemical processes which take pla^pe in the substance of the chlorophyll- 


^ [ Sachs has since proved this to be the case. See Afbeiten des hot. hist, hi IVurzhurg^ B. Ill, 
where experira.ents show that as much as 20-25 grams of starch per day may be formed by 
1 square metre of leaf-surface. An abstract of this paper appeared in ^Nature ’ for April 10, 1S84.] 
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corpuscle, and which cannot be seen but can .only be i,nferred from their conscqueoces 
and conditions. Confining oursebes first to the .visible changes j the old ob- 
servations of Naegeli and myself show that in the . primitively quite lioniogeneous 
’green substance, starch-grains, at first extremely small, becomt'’ visible, iisualij 
distributed in twos, threes, or more' in the mass of chlorophyll of the cor|')iiscIe. These 
enlarge . and, .as they meet one another during growth, become flattened and 
applied close to one another with plane s.urfaces, while their .'free sides remain 
rounded and become a,rranged more or less according to the 'form of the chlo- 
rophyll-corpuscle; occasionally, however, when they arise at the circumference they 
■p,'rot.'rude from the chlorophjdl-corpuscle. I also observed, almost .twent}’ years ago, 
that, under certain circumsta.nces, wdien leaves (e. g. of Tobacco and Pea) tmn 



Fig. 224, —-y? cells from an etiolated leaf of Dahlia varinHlis, B the same, but oldtr and \vith yellow cl'.Ior'Ji.hyll- 
coi'pnscles. C the yellow clilorophyll-corpuscles turned green and further developed in light. D conirnenceineni cf starcli- 
formation. E advanced stages in the formation of the st.arch. F from the leaf cf Tropirolnm tuitjas. G and H fle- 
struction of the chlorophyll (in, H yellow oil drops only remain} as the leaves tarn yellow in autumn. A' a cell from the leaf 
of F’A-frt! Furi&n! after contraction of the lining protoplasm (primordial utricle). /.'A the cell vvall, 

yellow without being diseased, the starch-grains grow so vigorously in the chlo- 
rophyll that the latter becomes, so to speak, entirely displaced by them, and fmalh’, 
in place of a chlorophyll corpuscle, there lies a starch-grain compounded of several 
grains (cf. Fig. 224). 

Very valuable contributions to the question with which we are here con- 
cerned were made by A. F. W. Schimper in i88oh I must refer to these because 
they throw a new light on the chemical processes presumably taking- place in 
the chlorophyll In the first place, it follows from Schimper’s description that 


^ Schimper, ^ UntersiicJmngen iiber die Entstehung dcr Stai'kokorno'! Bol, Zeit. 1880, p. 881, 
— Arthur Mejer, Bot. Zeit. 18S0, Nos. 51 and 53. 
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the chlorophjli-corpuscles in the green parts of the stem behave differently from those 
ill the assimilating lamina of the leaf: this, according to my. view, is also demon- 
strated by the fact that during growth in the dark, the otherwise green parts 
of the stem and petioles remain -white, while the assimilating laminae appear yellow 
in the etiolated state. Schimper found that in the stems of many plants the 
starch-grains do not arise at any haphazard points of the chlorophyll-corpuscle, 
but exclusively close beneath its surface, so that they soon protrude from its 
substance. Hence the following distinction results. The grains which remain 
entirely in the chlorophyll-corpuscle are rounded, and possess a concentrically layered 
structure, because they are nourished on all sides from the chlorophyll y whereas 
the starch - grains growing out from the chlorophyll - corpuscl s are stratified 
excentrically, since they grow much more strongly and exhibit more numerous 
layers on the side connected with the chlorophyll— a proof that they are nourished 
from this side. 

A long series of older inaccurate observations are rectified by Schimper’s research, 
in that the starch-grains so common in organs other than the assimilating organs 
—petioles-, -stems, subterranean tubers and roots, and young leaves which do not yet 
assimilate— are produced by peculiar little bodies which Schimper terms ' starch- 
forming corpuscles ’ or Amyloplasts {Siarkehildner), These starch-forming corpuscles 
are protoplasmic, usually colourless structures, which become differentiated from the 
protoplasm just like the chlorophyll-corpuscles themselves, either in the neighbour- 
hood of the cell-nucleus, or also in the rest of the protoplasm. These starch-forming 
■corpuscles now produce starch-grains, either in the interior of their substance 
{Colocasta and endosperm of Melandryum)^ or only at their peripheral portions 
(Philodendron^ Aviomtm^ Pkajus, and Gannd)^ and thtis in the same way as the 
assimilating chlorophyll-corpuscles in the leaves. The peripheral mode of origin 
appears to predominate however in these non-assimilating starch-forming corpuscles. 
According to Schimper's statements also the protoplasmic substance of the starch- 
forming corpuscle is more quickly and essentially altered, or used up, during its 
functional activity than is the case with the assimilating chlorophyll-corpuscles. The 
similarity of the starch-forming corpuscles to the assimilating chlorophyll-cor- 
puscles is, however, still further increased, in that the former can in most cases 
develope into chlorophyll-corpuscles under the influence of light. In this process, 
they increase considerably in size, and, their starch-grains dissolving, they turn 
green at the same time — a process long known, for example, in the cortex of 
potato-tubers allowed to lie in the’ light for some time^ but incorrectly explained. 

The great difference between the starch-forming corpuscles and the assimi- 
lating chlorophyll-corpuscles, however, is established by Schimper himself in the 
following words — 'Etiolated plants which have not yet exhausted their stores of 
reserve-materials contain, as is well known, no starch in the mesophyll of the leaf, 
but often have abundance of it in their stems and petioles, and in the vascular 
bundle-sheaths of their leaves. This starch, which of course can only be a product 
of metastasis and not a product of assimilation formed there, is produced by 
starch-forming corpuscles. Good examples of this are afforded by the leaves of 
Hyacinthus, the stems of Begonia cucullala Ortgiesi'i] and the cortex 

of the stem of Philodendron grandifoliu?n. These starch-forming corpuscles 
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.{Schimper here somewhat inaccurately terms them Leucopliyll) are all only very 
feebly coloured' yellow, or are not coloured at all. In the cases investifated they, 
like the chlorophjH- orpuic’es which the same cells would have contained., under 
normal circumstances, produced the starch -grains at their peripheral portions. 
Not less, important, with respect to the difference between starch-forming corpuscles 
and chlorophyll-corpuscles, is Schimperis further statement, that in the case of ' a pilant 
{Tradescaniia rubella) from the assimilating chlorophyll of which the large starch - 
grains had been allowed to disappear entirely in the dark, and which was now 
placed in a feeble light, no starch w^as produced in the normal chlorophyll-corpuscles 
of the leaves here developed ; but, on the other hand, abundance of starch arose 
in the starch-forming corpuscles- — i. e. in the pseudo-chlorophyll-corpuscles of the 
vascular bundle-sheaths of the leaves and stem. Schimper draws from these facts 
the following conclusion. The fact that the dex^elopment of starch in the meso- 
phyll of the leaf depends on the same conditions as assimilation, w^hile in other 
parts of the plant it occurs independently of light, so long as reserve-materials 
are present, can only be explained by assuming that in the first case it is exclusively 
a product of the assimilation of the chlorophyll-corpuscle in which it appears, while 
in the second case it must have in part (I think entirely) a different origin/ 

Finally, Schimper expresses himself as foliow^s with respect to the invisible, 
purely chemical processes : — ^ It is clear that the starch which appears as the 
first evident product of assimilation (in the true chlorophyll-corpuscles) does not 
originate directly from carbon dioxide and w^ater, but that more or less numerous 
intermediate products, still unknown or at any rate known with less certainty, 
are interposed. We may assume that the substances conveyed to the chlorophyll- 
corpuscles are identical with one of these intermediate products, or are at 
any rate very similar to them ; and hence the transformation to starch of the 
assimilated matters formed there and then, and of those conveyed from other 
organs, is effected by one and the same process ’ (probably similar processes 
is meant). 

I cannot here avoid repeating my view on the formation of starch in the 
assimilating chlorophyll, already expressed in the ' ExpertmeniaI-pIi}\mlogie' (1865); 
and so much the less, because it has been in the meantime grossly misrepresented, 
and falsely quoted, by writers unacquainted with vegetable physiolGgy. I there 
said (p. 327), ‘If, after all, I regard the starch in the chlorophyll as one of the 
first products of assimilation, it is not therefore to be said that carbon dioxide and 
water unite forthwith to form molecules of starch wdthin the chlorophyll-substance, 
oxygen being evolved. It is not even necessary that any carbo-hydrate whatever 
should arise immediately ; it is possible, and probable, that the process accompanied 
by the evolution of oxygen is a very complicated one, from w^hich the formation 
of starch results only by numerous chemical metamorphoses. It is, indeed, not 
impossible that certain more immediate constituents of the green plasma itself take 
part in the process — that decompositions and substitutions, for example, take place 
in the molecules of the green protoplasm. This possibility obtains some probability 
from the observation that in many (not all) cases the chlorophyll-substance gradually 
decreases in quantity and at length disappears entirely, while the starch-grains are 
growing in it,^ etc. With reference to Schimperis results, I am no^? strongly inclined 
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to assume that both in the assimilating chlorophyll-corpuscles and in the non- 
assimilating starch-corpuscles, the material for the formation of starch consists of 
sugar. This latter is conveyed to the starch-forming corpuscles of the organs 
which do not assimilate : it is formed, on the other hand, in the assimilating 
chlorophyll-corpuscles by assimilation. The question now remains, therefore, how 
does the sugar itself arise by assimilation ? I hold it as probable, even now, that 
in this process the proteid substance of the assimilating chlorophyll itself co- 
operates, and undergoes a change. Whether it is right to ciaini, with Berthelot 
and Kekuld (i 86 1), formic acid or some other member of the formyl group as 
the first product of assimilation, on account of its simple constitution, I hold as 
at least very questionable ; and it has hitherto been proved by nothing. I lay 
still less value on Pringsheim's so-called Hypochlorin ; a substance, the chemical 
nature of which is not established, the genetic relation of which to the starch in 
the chlorophyll is not known, and the significance of which for the processes 
of growth has not been investigated. Hypochlorin appears to me, rather, to belong 
to the same category as the Myelin of the animal physiologists, with which the 
latter likewise do not know what to dob 

At any rate, even after all the recent researches, the fact, which I established 
twenty years ago, that the starch in the assimilating chlorophyll is to be regarded 
as the first distinctly recognisable product of assimilation, remains unaltered. Even 
then I left the way open for further knowledge, since I laid stress on the fact 
that it w'as a matter of the first disHncily visible product, and that probably other 
products, hitherto not distinctly recognisable however, precede the formation of 
starch. Hence, even if as a matter of fact formyl aldehyde or vegetable myelin 
(I mean Pringsheim's hypochlorin) were actually an earlier product of assimi- 
lation, from which the starch is developed in the chlorophyll, which is not the 
case, there would still not be the smallest item to alter in the statements which 
I have made since 1862. 

Plaving learnt to understand the most important function of chlorophyll, I 
will now complete the natural history of this remarkable body by a few passing 
statements as to the rest of its behaviour in different phases of life of the organs 
of the plant. It has already been mentioned that leaves which develope from 
the buds in the absence of light, with a few exceptions, produce the first 
rudiments of chlorophyll-corpuscles, it is true, but these remain srnall and usually 
yellow, and likewise that the green chlorophyll-corpuscles can increase in number 
by division when the cells grow. 

I convinced myself, in 1863, by a detailed investigation of the changes which 
take place in the assimilating parenchyma of leaves in Autumn, before their falP, 
of the fact that a structure so valuable with reference to the life of the plant as 
the chlorophyll-substance, is not destroyed and chemically decomposed at once, 


^ With respect to Pringsheim’s Hypochlorin, Pfeifer expresses himself in his ‘ F/anzen- Physio- 
iogie* (B, I, pp. 194, 195, and 209) in very measured terms, it is true, but still protesting and 
dissentient. Pringsheim’s treatise ^ Ueher Lichtwirkung und Chlorophyllfmiktion i?i der PJlaytze ’ 
(Jahrb. f. wiss. Bot., Bd. XII, p. 288) is thoroughly examined in Hansen’s paper on the ^ Geschichie 
der Assimilationstheorie " (Arbeiten des bot. Inst, zu Wurzburg, B, II, p. 606). 

^ Cf. Sachs, ^ Entleerung der Blatter im HerhsP (Flora, 1S63,, p. 200). 
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at the end of a period of vegetation ; but that if is conve}’ed into the pcr.^i-teni 
reservoirs of reserve-materials, which put forth shoots again at a later period nl 
vegetation. The process does not always, run the same course in tTees of different 
species. In the Horse-chestnut, for example, as well as in IJwsrtV'eir kiiaiiU, ihr^ 
form of the chlorophyll -corpuscles is destroyed at the same time as their green 
colour, and tlie chlorophyll disappears simultaneously with the starch coiitairiod in it. 
In the Vine, I found; that the form of the chlorophyll-corpuscles is first destroyed., 
while the starch disappears, the green colour of the amorphous chlorophyll being 
maintained however for some time. In Sambucus Populm^ and Ri)hmia^ on the 
other hand, the starch first disappears from the chlorcjphyll-corpuscles, while the 
form and green colour persist for some time longer. In the Miiiberiy [Miorus 
alba), the form of the chlorophyll-corpuscles is first destroyed, then the green 
colour disappears, and finally the matrix together with the starch contained 
in it. These observations do not preclude that in the same species of plant the 
processes in the cells containing chlorophyll may take their course sometimes in 
the one, sometimes in the other way. It is not always possible to see from the 
outside whether the autumnal emptying of the leaves has already commenceti 
When the leaves become pale, however, the destruction of the chlorophyll has 
already begun ; and when they have turned yellow it is completed. On the other 
hand, in leaves which are still green in September and October the form of the 
chlorophyll-corpuscles may he already destroyed, as in the Vine, Poplar, Robima, and 
Sambttcus. With the general disappearance of the cell-contents, the dissolution 
of the cell-nucleus and protoplasm, the peripheral chlorophyll-corpuslces lose their 
normal outlines, assume irregular forms, the contained starch disappears, and their 
colouring matter undergoes changes : they become pale green. Oil-drops often 
appear in the cells, the quantity of chlorophyll perceptibly diminishes, the de- 
formed corpuscles become smaller, and, when they have finally disappeared entirely, 
a large number of very small granules remain behind in the cell-sap: these refract 
light strongly and are coloured bright yellow, but they are to be in no way com- 
pared with the immature yellow chlorophyll-corpuscles of leaves grown in the dark. 
They often flow together into large oily drops, and evidently form a residuum of 
no further use in the economy of the plant. It is these yellow granules which 
cause the autumnal yellow colouring of so many leaves, and which also remain 
behind in the emptied cells of leaves which turn red in the Autumn ; in this case, 
however, they lie in a homogeneous red cell-sap. 

The cell-contents of the leaves of plants placed subsequently in the dark 
undergo very similar changes, w'hich are particularly rapid at high temperatures. 
And various other circumstances which disturb nutrition, such as persistent drought, 
or lack of nutritive matters generally, bring about the same processes even in 
bright light. In all these cases the process described commences in the oldest 
leaves, and advances to the younger ones; the leaf-cells remain distended with 
sap but their volume appears notably to diminish. The emptied cell-skeletons 
are finally cast off for the most part, since, as Mohl showed in detail, a new 
layer of cells is formed cutting across the base of the petiole, and preparing 
the petiole for the fall Then, with the advent of the first frosty nights at the 
end of October or the beginning of November, a plate of ice is formed in this 
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separating layer, which melts in the rays of the morning sun, whereupon the leaves 
suddenly fall in numbers from the trees. 

.There can be no doubt that the contents of the assimilating parenchyma 
of the leaves before the fall are taken up during the changes described into 
the persistent parts of the plants — into the cortex or young wood of the branches. 
I was able by micro-chemical methods to follow distinctly the travelling of the 
materials, especially of the starch, out through the tissues of the petiole into the 
shoot-axes; and moreover the ash-analyses of assimilating green leaves, compared 
with those of fallen ones, show that the most valuable mineral constituents of the 
leaves, specially the potash and phosphoric acid, also pass out through the leaf- 
stalks simultaneously with the organic substances, and back into the parts of the 
shoot which survive the winter, evidently to serve, like these, as nutritive matters 
for the newly sprouting shoots in the next period of vegetation. 

While this process repeats itself each Autumn in perennial plants, it only 
takes place once in the annual summer plants, and, generally, in those plants 
which only fruit once. In our cereals, for example, and other cultivated plants, 
all the still useful materials which were contained in the leaves and shoot-axes 
are collected finally, when the fruit is maturing, in the ripening seeds, either in 
the endosperm or in the large cotyledons of the embryo, to be employed later, 
on the germination of the latter, as materials for the construction of the growing 
parts of the seedling. Hence the vegetative organs of such plants after the ripening 
of the fruit (generally named straw, etc.) contain only exceedingly small quantities of 
material capable of being employed for further growth ; they consist of emptied 
net-works of cell-walls, with slight remnants of other matters. Of ash constituents, 
the whole of the silica, as %vell as the greater part of the lime in the form of 
calcium oxalate, remains behind, as a rule, in the emptied organs of assimilation. 

The processes are somewhat different in the chlorophyll-corpuscles of those 
organs which are not to be regarded like the leaves as assimilating organs in the 
proper sense, and the chlorophyll-corpuscles of which are probably only green 
starch-forming corpuscles in the sense of Schimper. I found, for example, that the 
chlorophyll-corpuscles in the antheridia of Niiella and Chara, as well as those of 
some Mosses, which enclose starch in the unripe state, assume a red colour when 
the antherozoids are mature, but maintain their form, and the enclosed starch does 
not disappear; profound chemical alterations of the plastic substances do not, how- 
ever, take place here. Much more thorough is the destruction of the corpuscles, 
at first green, in the pericarp of those berry-like fruits w^hich appear red ■ or deep 
3 ’’ellow in the ripe state, e. g. Lycium and various species of Solanu?7i. The chlo- 
rophyll-corpuscles of these pericarps, as they turn yellow and red, change their 
form also : they become angular, two and three pointed, and finally break up into 
small granules. In conclusion, the remark may be made here that the bearers 
of the yellow colouring matter to which many fioral leaves owe their yellow 
colour (e, g, the corolla of Cucurhitd)y resemble chlorophyll-corpuscles, or better, 
Schimper’s starch-forming corpuscles. 

When organs of assimilation become dormant at the conclusion of a period 
of vegetation, to renew their activity in the following year, alterations take place 
in the contained chlorophyll also : under certain circumfstances these however 
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arc less profound The green spores of many Algae,,- for instance, become deep 
red, without aii}' essential changes of the plastic material , occurring at the same 
time: with the commencement of the new period of vegetation, the red colour- 
ing matter (lisap[)ears, the chlorophyll again begins to assimilate, and the cells 
to grow. In some Phanerogams, the leaves which persist through the winter 
behave similarly in many respects: here, however, the intense cooling in winter, 
particularly by radiation, co-operates. After Mob! had remarked these processes 
in 1S45, they were more closely studied by Kraus in 1S71 and 1872. These 
winter-leaves either become simply discoloured and brownish, yellow, or red-brown, 
as in Taxtis^ Pinus^ Abies ^ Juniperiis.^ and Buxiis^ or of a decided red on the 
upper side, as in Sedufu, Sc 7 npervtvu 7 n, AfahoTtia^ and Vaccmitmi, The dis- 
colouration of the first group depends, according to Kraus, on an alteration of 
the chlorophyll : the chlorophyll-grains lose their shape and distinctness, and form 
an ill-dehned cloudy mass of protoplasm of a red-brown or brown-yellow colour, 
while the nucleus of the cell remains colourless. The winter-leaves which are 
coloured red or purple-brown on the upper side owe this colour, according to 
Kraus, to a rounded, hyaline, strongly refractive mass, in which tannin predominates, 
situated in the upper part of the palisade-cells : the chlorophyll-grains themselves 
are intact, and of a fine green, and are all crowded at the inner ends of these cells. 
In the spongy parenchyma of the mesophyll, a red or colourless globule of tannin 
is found in the centre of each cell, and the chlorophyll-grains, likewise intact, 
are collected into lumps on the sides, sometimes at one, sometimes at several places. 
In all winter-leaves, as well as in the green parts of the cortex, Kraus found that 
the chlorophyll-grains had passed from the walls to the interior of the cells, and 
were there aggregated in clumps. In the spring, in sufficiently warm weather, 
the normal condition is restored: the red colouring matter disappears/and the 
chlorophyll -grains again assume their normal distribution on the cell-walls. If 
branches of the first-named group of plants are cut off in the cold of winter and 
brought into a warm chamber, they assume their normal green colour after a few 
days, even in the dark. 

It has already been mentioned that the green colouring matter of the chlo- 
rophyll-grains can be extracted by strong alcohol, aether, chloroform, and also 
by fat oils, the colourless protoplasmic matrix remaining behind. Chemists 
have taken much trouble to investigate the chemical nature of this extracted 
colouring matter, -without having obtained so far any satisfactory result It 
is not even established whether the chlorophyll colouring matter, for the 
production of which small quantities of iron are necessary, as I have shown, 
itself contains iron. The view proposed by the French chemist Fremy, that 
the green colouring matter is a mixture of a yellow and a blue, has not been 
confirmed, since it is scarcely doubtful that the apparent breaking up of the 
colouring matter Into two others is simply a chemical decomposition k It is not 
necessary, however, to go further into this discussion; since the views so far 
proposed as to the chemical nature of the chlorophyll colouring matter have no 
reference to the physiological functions of chlorophyll. The same is true of the 


^ See my ^ Lehrbuch der Botl IV. Aufl. 1874, p. 731. 
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spectrum of the chlorophyll colouring matter, so very remarkable in itself. If 
a parallel-wallecr vessel filled with an alcoholic solution of chlorophyll is placed in 
the path of a beam of light (p. 303) which affords a spectrum band by means of 
a prism, the whole of the violet and blue disappears from the spectrum, as do also 
those ultra-violet rays which become luminous when falling upon a solution of quinine. 
At the same time, a broad, black stripe becomes visible in the red part of the spectrum, 
and in the yellow region also a feeble absorption of light occurs. The green colouring 
matter is also strikingly fluorescent: if the focus of a burning-glass is allowed to fall 
in a solution of chlorophyll, the white sunlight appears blood-red. As Stokes showed 
long ago, this phenomenon is caused by the fact that the highly refrangible 
light-rays become changed into lowly refrangible red ones. By an erroneous 
inversion of the correct state of affairs — that the light-rays effective in the as- 
similating chlorophyll must be destroyed as such — Lommel arrived at the fallacy 
that the rays destroyed in the chlorophyll spectrum are those active in assimilation. 
In this he left out of account that the rays absorbed in a bsolution of chlorophyll 
are the same as those absorbed in a living green leaf. In a solution of chlorophyll, 
however, no separation of oxygen from carbon dioxide takes place : according 
to Lommel, also, it must be the most strongly absorbed red rays which bring about 
assimilation, whereas all direct observations show that the maximum evolution of 
oxygen takes place in yellow light 

On the whole, investigations on the spectrum of chloroph}dl have hitherto 
yielded no facts of any physiological value — i. e. we should know quite as much 
of the physiological function of chlorophyll if its spectrum were absolutely un- 
known to us. 

^ Cf. Sachs’ * Lc/i rime p. 732. 
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CHEMICAL METAMORPHOSES OF THE PRODUCTS OF ASSIMILA- 
TION. PHYSIOLOGICAL CLASSIFICATION OF THE PRODUCTS 

OF METABOLISM. 

Starch being the* sole first visible product of assirtlilation, it follows obviously 
that all the other organic compounds of the plant must be produced from it by 
chemical changes. This statement offers in fact no difficulties even from the chemical 
side, so far as the majority of the constituents of the plant are concerned, i. e. the 
carbo-hydrates, of which cellulose, sugars, and inulin especially come into considera- 
tion here. These substances are chemically so nearly allied to each other, that not 
only starch and inulin, but even cellulose may be transformed by the simplest 
chemical reactions into sugars ; and from the physiological processes it may be 
demonstrated with certainty that starch and cellulose are produced from sugar and 
inulin within the living plant. 

Besides these carbo-hydrates, however, the fats also play a prominent part in 
the economy of the plant. Perhaps there is no living protoplasm which contains 
no fat ; but its physiological significance becomes much more evident in that the 
great majority of ripe seeds contain large quantities of fat together with starch, or 
very great quantities of fat without the latter. They may contain as much as 6o^/o 
and more of their weight of fat ; and even the spores of very many Cryptogams 
abound in it. That sugar and starch are formed during germination at the cost of 
the fat which is accumulated in the seeds and then used up, I demonstrated in detail 
in 1859 ^ series of oily seeds and it was already known that, before maturity, 

such seeds contain no fat, but only starch and sugar. Such unripe seeds (e. g. of 
PcBonia) may be detached from the mother-plant, and allowed to lie in moist air, with 
the result that the starch disappears and is replaced by fatty oil From such obser- 
vations it follows With certainty that the fats of the plant may be produced from 
carbo-hydrates, and that the latter are formed at their expense. It is practically 
immaterial for us how far chemical formulas are able to afford information as to the 
processes here taking place; in any case we arrive at the result that the carbo- 
hydrates, as well as the fats of the plant, derive their origin from the starch assimilated 
in the chlorophyll-grains. 

The derivation of the third most imf)ortant group of the materials of the plant, 
viz. the proteid substances, from the original product of assimilation, does not appear 

^ Oh the formation of starch during the germination of oib .seeds, cp. Sachs' Bot, Zeitung, 
1859, p. 178, 
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quite so simple. It depends here no longer merely upon various transpositions of the 
atoms of carbon, hydrogen, and oxygen in the molecules, as in the case of the carbo- 
hydrates and fats : the proteid substances from which protoplasm is formed contain, 
besides these elements, also a considerable quantity (about i5<yo) of nitrogen, and a 
small quantity (about i^o) of sulphur. It is obvious that if proteid substances are 
to be derived from the first product of assimilation, starch, this can only take place 
in so far as, in the course of metabolism, carbo-hydrates, or perhaps also fats, afford 
the one constituent of proteid matters, while the nitrogen and sulphur are derived 
from other compounds which the plant has taken up through the roots. It is certain 
from what has been said concerning the nutritive materials of plants, that the nitro- 
gen of the proteid substances is entirely derived from salts of nitric acid, in the more 
highly organised plants at least ; while the sulphur is provided by salts of sulphuric 
acid. It is essential, therefore, in order that proteid substances may arise in the plant, 
that, on the one hand, starch is produced in the chlorophyll, and that, on the other, 
salts of nitric and sulphuric acid are taken up by the roots. These ingredients must 
somewhere and in some manner come together in the plant : chemical decomposi- 
tions must take place in which, above all, the salts mentioned yield up their bases, so 
that the nitrogen and sulphur, after certain unknown processes, may finally come into 
combination with the elements of a carbo-hydrate or fat in order to produce a proteid. 
Unfortunately, organic chemistry here leaves us unaided, so far as regards the question 
of the chemical processes in the formation of proteids from the ingredients mentioned 
above- The accuracy of our deduction is by no means enfeebled by this, however ; 
and Ave will now see how far we can proceed by purely physiological methods. 

It is, in the first place, a very important question whether the whole of the proteid 
substances of an ordinary plant is or is not produced during the process of assimila- 
tion in the cells containing chlorophyll : at any rate, sulphates and nitrates can 
penetrate as far as the green leaves, and there is scarcely anything absurd a priori in 
the idea that the formation of proteids perhaps begins with their aid, even during 
the process of assimilation in the chlorophyll. But we have certain facts which show 
that, although in general only certain non-nitrogenous organic compounds, and espe- 
cially sugar, exist in them, even cells devoid of chlorophyll, and which therefore do 
not assimilate, are in a position to produce proteid substances on the addition of 
nitrates and. sulphates. This proof Pasteur afforded by nourishing yeast-cells with 
sugar and the salts named ; an experiment which may be easily repeated, and which 
yields the result that by this means a few yeast-cells give rise to millions of new ones, 
each of which is fill.ed with living protoplasm. This is simply possible from the fact 
that the yeast-cells are able to produce proteid substances from the materials — sugar 
and salts of nitric and sulphuric acids — offered to them. If Yeast and other Fungi 
are able to do this, however, there is no ground for assuming that cells devoid of 
chlorophyll in the highly organised plants are not also able to produce proteid sub- 
stances, taking the ingredients for this from their owm carbo-hydrates, and from the 
salts above mentioned which are absorbed by the roots. On the other hand, again, 
this does not prove that in special cases proteid compounds may not also arise in cells 
containing chlorophyll The so-called unicellular Alg^, the Palmellaceae, Conjugatese, 
etc., consist indeed only of cells containing chlorophyll, and these, so long as they 
vegetate, increase the quantity of their protoplasm (that is, their proteids) in pro- 
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portion as ilunr cells divide. Whether this occurs siniultaneously with assimila- 
tioii in the light, or subsequently during the following' night, is of course noi 
known. At any rate, the facts brought forward teach that proteid-Iike compounds 
from which protoplasm arises can be formed independently of assimilation, provided 
only that the necessary constituents are conveyed to the cells concerned. Among 
these constituents an organic carbon compound is essential ; and this, in its turn, is 
of course to be finally derived — though it may be by the most various and round'- 
about ways — from the starch assimilated in the chlorophyll. 

In the case of highly organised plants I have already sought to render it pro- 
bable that the formation of proteid substances takes place in the sieve-lubes of the 
vascular bundles. The sieve-tubes in the younger shoot-axes and leaves contain an 
amorphous proteinaceous slime, which is by no means to be confounded with })ro- 
toplasm. It consists, to use a modern .expression, not of organised or living, but 
of circulating proteids, evidently being conveyed through the sieve-tubes to the younger 
growing organs. We have many indications, however, that it is probably also formed 
in these sieve-tubes : in the first place we find in the neighbourhood of the sieve- 
tubes of the organs in question, regular layers of ceils which contain fine-grained 
transitory starch and sugar, and extremely fine-grained starch is frequently found in the 
slime of the sieve-tubes themselves. I regard this starch as one of the constituents 
from wdiich the proteinaceous slime of the sieve-tubes is to be formed. Holzner 
long ago gave expression to the idea that the formation of oxalic acid in the plant 
is for the purpose of decomposing the calcium sulphate taken up by the roots, 
and thus setting free the sulphuric acid for the formation of proteid substances 
which contain sulphur; and it is certainly an observation favourable to this sup- 
position that, very generally, layers of cells in which calcium oxalate crystallises out 
run in the neighbourhood of the bundles of sieve-tubes, from which indeed it may 
well be concluded that the sulphuric acid in the calcium salt may be employed 
here or in the neighbourhood, or even in the sieve-tubes themselves, for the 
formation of proteid substances. With respect to the third ingredient, a salt of 
nitric acid, we know that saltpetre is distributed in the tissues of a normal plant. 
The constituents are thus given, and the result, the proteinaceous slime in the sieve- 
tubes also. The reply to these suggestions, that the quantity of calcium oxalate 
does not accord with the amount of sulphur contained in the proteid substances in 
question, appears to me of little weight, since, on the one hand, a decomposition of 
calcium sulphate by means of oxalic acid may take place also for other purposes 
in the plant, and thus under certain circumstances (e. g. in some species of Cac/us 
and Aroideae) an enormous quantity of calcium oxalate be accumulated, while in 
other cases, on the other hand, the decomposition of salts of sulphuric acid may 
occur without the formation of calcium oxalate. 

However, the formation of proteid substances in the plant may also take 
place in another way, and perhaps in any parenchyma cell whatever, since it may 
be that another body abounding in nitrogen, one of the group of amides, is first pro- 
duced, namely, asparagin, a crystailisable substance soluble in the cell-sap, but which 
contains no sulphur. Asparagin, as recent researches, especially those of Borodin ^ 
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have shown, is widely spread in the vegetable kingdom, especially in growing shoots 
and perennial root-stocks and tubers. It is of course still questionable whether the 
asparagin arises in these organs by synthesis, to be converted by further synthesis and 
the assumption of sulphur into proteid substances. That something of the sort 
actually occurs under certain circumstances Pfeifer has demonstrated with seedlings 
of Lupins, etc. In these cases, however, the asparagin itself had previously arisen 
by a splitting up of the proteid substances of the seedh At any rate the possibility 
exists that in many cases asparagin maybe formed in the first place from carbo- 
hydrates and nitrates, to be converted later, with the assumption of sulphur from the 
'decomposition of a sulphate, into proteid substances. That, conversely, asparagin 
arises from the proteid substances of many germinating seeds (e. g. Lupmus), root- 
stocks, and tubers (e. g. Potato), to be subsequently reconverted into proteid, when the 
green organs begin to assimilate, cannot be doubted from the researches of Pfeifer, 
Schultze, and others. 

It is now decided that all the various carbo-hydrates, fats, and proteid substances 
of the plant are derived from the starch assimilated in the chlorophyll. This is 
practically equivalent to saying that all the organic substances necessary for the 
construction of the ceils and organs of the plant, are to be referred to the activity 
of the assimilating chlorophyll, since the plant requires for the construction of 
cells and organs generally only these three groups of materials. I have consequently 
classified them as the constructive materials of the organs, in contrast to all other 
organic substances of the plant. Seeds or tubers, bulbs, rhizomes, buds of trees and 
even spores—the unicellular reproductive organs of Cryptogams — may be made 
to develope new roots and shoots, and occasionally even flowers, by growth, though 
no other materials are placed at their disposal than pure water and the oxygen of the 
atmosphere : the latter however is only necessary for respiration, by which means 
a considerable portion of the organic substances is completely destroyed. Since now 
all the parts of plants above named — which we term reservoirs of reserve-materials, 
because the materials for germination in the widest sense are stored up in them 
— contain essentially only proteid substances, carbo-hydrates, and fats, or it may 
be only proteids and fats, as in many seeds {Ricinus, Brassica^ Cucurbtia, Almond, 
etc.), it is obvious that the new roots and buds are able to develope as the 
substances mentioned are used up in growth. This is still more obvious when 
the development of seedlings is allowed to take place in profound, darkness, where 
assimilation cannot come into consideration at all ; or when the developing seedlings 
are left in an atmosphere from which every trace of carbon dioxide has been withdrawn. 
At the conclusion of such a process of germination, the reservoirs of reserve-materials 
are emptied, and when the growth Anally ceases, no nutritive matters being admitted 
from without and no assimilation taking place, we have before us a new plant which 
consists of cellulose walls and relatively small quantities of protoplasm, cell-nuclei, 
and chlorophyll-grains (etiolated or not). These constituents of our young plant 
have been produced from the reserve-materials, proteids, carbo-hydrates, and fats, with 
the aid of the water and oxygen taken up. Of the two groups last named, how- 
ever, a considerable quantity has been completely destroyed during the growth, by 


^ Cp. Sachs’ ^ Lekrbuch der Botamk, IV, Aiifl., p. 690. 
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respiration,' so that the dry organic 'substance of the, young plant we,ighs less than 
that of .the reservoirs of, reserve-material. 

These observations, easily made with a little experimental ad„roitness, show 
moreover .not merely that the three groups- of substances mentioned completely suffice 
for the construction of the organs of the plant ; but we obtain from them : another 
important piece of information.. In order to render this quite clear, we may suppose 



FIG. 22^.—P7ft]is Pi/tea. 1 Median longitudinal section of the seed, the niicropyle end being at 7 j //commencement of germina- 
tion, the radicle extruded ; 111 end of germination after the endosperm has been absorbed (the seed iay too near tlie surface of the 

soil and has therefore been carried up by the cotyledons as the stein elongated}. A shows the ruptured seed-coat j; B shows the 
endosperm e after the removal of one half of the seed-coat ; C longitudinal section of the endosperm and embryo ; D transverse section 
of the same at the commencement of germination— r: cotyledons,, w primary root, x the embryo-sac pushed aside by the primary root 
(ruptured at x in B), h c hypocotyl, w* lateral rootlets, r red membrane within the hard testa. 

seeds of the Piuej which contain only proteid substances and fat, or those of the 
common garden Bean, in which only very small quantities of fat but large masses of 
starch are deposited in addition to the proteid substances, to be allowed to germinate, 
until all the reserve-materials are consumed. In the seedling of the Pine we then 
find resin-passages filled with balsam, and tannin may be detected in various cells ; 
in that of the Bean are found numerous longitudinal rows of cells, densely filled with 
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mixed solutions of tannin and red colouring matter. Chemical analysis would 
in both cases detect small quantities of various other chemical compounds. It 
is clear that the substances mentioned, resin and tannin, as well as the vegetable 
acids which are never wanting in growing organs, must also have arisen from the 
reserve-materials ; and since it is known that the quantity of proteid substances 
is not lessened in germination, it follows that the tannin and resin, vegetable acids, 
and other non-nitrogenous constituents also of the seedling must have arisen in 
the Pine from the fat, and in the Bean from the grains of starch. Among these 
materials, however, the resin and tannin present yet further the remarkable peculiarity 
that they do not subsequently disappear from the reservoirs in which they are 
collected during germination; they, as well as the calcium oxalate, remain lying 
unemployed where they have once arisen. What has here been said of the Pine and 
Bean, for the sake of example, obtains moreover generally. The resins, ethereal 
oils, most tannins, as well as various (probably not all) gum-like contents of 
the reservoirs of secretions described previously, are substances which are withdrawn 
from metabolism, and find no further use in the nutrition and in the growth of the 
organs; and they are thereby essentially distinguished from the three groups of con- 
structive materials. It is probable that the vegetable alkaloids are also to be counted 
among these useless secretions, and the colouring matters so frequently appearing 
in the vegetaung organs certainly are. How and why all these substances, which are 
very different in different plants, originate is not known ; for us, however, the im- 
portant point remains that they simply find no further use in metabolism. 

Finally, it is to be mentioned here that some organic substances do not arise 
in the metabolism which accompanies growth, but are formed by the later meta- 
morphoses of previously organised parts of cells, and then likewise find no further 
use in metabolism. To these belong, chiefly, bassorin, gum-tragacanth, gum- 
arabic, linseed-mucilage, and similar bodies, all of which arise by means of sub- 
sequent chemical metamorphosis of the cellulose of certain cell-walls : like the 
secretions, they may, under certain circumstances, be of use for the plant, but they 
take no further part in metabolism itself. That protoplasmic structures also suffer 
subsequent degradation, and either wholly or in part find no further use in meta- 
bolism, follows from what has been said in the last lecture on the destruction of 
chlorophyll ; and it appears also that old cell-nuclei, as well as the thin protoplasmic 
utricles of old parenchyma cells, often remain as inert masses until the destruction 
of the organ. The share in metabolism taken by some other organic compounds, 
such as pectinaceous substances, the so-called glucosides, and some still dubious 
tannins, is still very doubtful. The same is also true of the vegetable acids, malic 
acid, citric acid, tartaric acid, formic acid, acetic acid, etc. ;• the wide distribution 
of which is no doubt usually the cause of the acid reaction of the cell-sap in the 
parenchyma. According to a view recently expressed by Hugo de Vries the 
significance of these acids in growth is chiefly mechanical, in so far that they increase 
the turgescence of the growing cells, and so contribute to the extension of the 
growing cell-walls. It has already been mentioned above that the oxalic acid (which 


^ On the significance of acids in turgescence and in the growth of vegetable cells, cp. De Vries, 
Bot 1879, p. 847. 
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likewise belongs here) is, as a rule, of no further use in metabolism, tisi’iccially when 
it crystallises out as calcium oxalate; nevertheless, under certain circuinslancrs, 
calcimn oxalate becomes again dissolved, and occasionally the acid is found com- 
bined with alkalies, as in the vSorrel and the Wood-sorreL In these cases it is 
possil)lc that it is not yet entirely withdrawn from metabolism. That the vegetable 
alkaloids when once formed do not again enter into metabolism, as a rule at any 
rate, appears probable from what is known as to their occurrence. 

The main point in determining the physiological significance of a vegetable sub- 
stance is always whether, when it has made its appearance anywhere in the tissues, it 
then again disappears from its receptacle during further grovrth and progressive meta- 
bolism, or remains lying inert in it, in which case a further share in metabolism is 
obviously excluded. The latter is the case with nearly all the substances contained in 
the so-called receptacles for secretions. Of course substances which find no more use 
in metabolism may be incidentally of the most varied significance for the maintenance 
of the individual, as well as for reproduction. Thus, for example, the lignin which 
permeates the cell-w'alls of vessels, wood-cells, and sclerenchymatous fibres, is of 
considerable importance for the solidity of such cell-walls and the conduction of 
water in them; and likewise the wax in the epidermis and on the cuticle affords 
a means of protection against evaporation, and at the same time against the entrance 
of water; and acids at the surfaces of the roots, as was showm above, aid in the 
taking up of absorbed nutritive matters. The colouring matters of flowers are 
assumed to play a great part in pollination, in so far that insects are allured by 
them to the organs of fertilisation; the large quantities of sugar and organic acids 
which accumulate in the flesh of fruits, — e. g. Grapes, Oranges, etc., — are also of 
course lost to metabolism, but they may be of use to wild plants in so far that 
birds and other animals devour such fruits, and subsequently rid themselves of 
the undigested seeds. That the formation of any substance in the plant may also be 
essentially influenced by culture and the artificial selection of varieties is shown by 
the ever-increasing number of the various colours of garden flowers, and the great 
number of different flavoured varieties of orchard fruits and Grapes, all of which have 
been produced by cultivation. 

Meanwhile, however, these are for us but matters by the way, since ^Ye are now 
concerned only with establishing that all the different substances of the plant are 
derived, directly or indirectly, from the starch arising in the assimilating chlorophyll ; 
and that, in the first place, only a very limited number of products of metabolism — 
namely the carbo-hydrates, fats, and proteid substances — come into consideration 
as the constructive materials of the growing organs of the plant. All other 
substances, occurring as secretions or as products of degradation, - are derivatives 
of these. 

When now starch arises in the leaves under the influence of light, it, as well as 
the other plastic substances produced at its expense, is conveyed through the petioles 
to the shoot-axes, to proceed in the interior of these organs partly downwards to 
the growing apices of the roots, partly upwards to the developing buds, and to supply 
at both places material for the growth of the organs. Hence, as occurs particularly 
in annual summer plants, assimilation and the employment of the products of 
assimilation for growth may proceed simultaneously, without any considerable storage 
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of mieiiiployed plastic substances taking place. Inmostcases,however,and particu1aii7 
towards the conclusion of the period of vegetation, the quantities of such materials 
used up for the purposes of growth are smaller than those produced by assimilation. 
The superfluous products of metabolism thus arising are then stored up in the tissues 
of the plant, to be preserved until the beginning of the next period of vegetation. 
In this condition they are termed reserve-materials, a name which was introduced by 
Theodore Hartig some years ago. The reserve-materials may be accumulated in 
the parenchyma and phloem of all ordinary perennial organs, particularly in trees 
and other woody plants; the twigs, branches, roots and stems of which have their 
cortex and the parenchymatous cells of the alburnum filled during the summer and 



Fig. 226.— a Potato plant developed from seed, r r the roots ; c cotyledons ; fjT leaves ; h b subterranean shoots 
which produce the tubers (after Duchartre). 

autumn with reserve-materials, which are used up when the buds put forth shoots 
in the spring. If the formation of seeds takes place at the end of the period of vege- 
tation, large quantities of reserve-materials are accumulated to a remarkable degree in 
these, all non-plastic compounds being excluded; and in annual plants the seeds are 
in fact the only reservoirs of reserve-materials. In all perennial plants, however, 
it is chiefly the subterranean root-stocks, rhizomes, bulbs, and tubers, etc., which 
especially fulfil the function of storing the substances assimilated during the period of 
vegetation ; and on the formation of the germinal shoots and roots at the beginning 
of the next period of vegetation, they yield them up to these growing parts. In general, 
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organs of the most various kind may be employed- as reservoirs of reserve-iiiaterials* 
In the so-called evergreen plants, even the green leaves serve during the winter 
as accessory organs for the storage of the products of assimilation; and in the 
Algae it is a .very common phenomenon that cells abounding in chlorophyll become 
densely filled with reserve-materials at the ■ conclusion of the pe,riod of , vegetation. 
What has here been shortly said is only to serve generally as indicating the most 
important points, since the vegetable -world is simply inexhaustible in the variety of 
phenomena of organisation connected with the storage of reserve-materials, and their 



I'lG. 227. — Subterranean parts of a flowering' plant of ColcMcttm atttumnah. A external view from the front, k the corm ; and 
scale leaves enveloping the flower-stalk ; loh base, from which the roots (w) spring. B longitudinal section of the preceding (plane of 
section perpendicular to the paper), hh a brown membrane enveloping all the subterranean parts of the plant ; st the stalk -which bore 
flowers and foliage during the previous year— it is dead, and only its basal portion, k, swollen into a corm still exists as a reservoir of 
reserve-materials for the new plant now in process of flowering. This flowering plant is a lateral shoot from the base of the corm k ; 
it consists of the axis, from the base of which spring the roots and the middle portion of •which k* swells into the corm for next year, 
the old corrn k disappearing in the meanwhile. The axis supports the sheathing leaves jt s' s", and the foliage-leaves B I -' ; in the axils 
of the uppermost foliage-leaves are the flow'ers & ¥, between which appears the free apex of the axis itself. The foliage-leaves are still 
small at the time of flowering ; they, together with the fruits, protrude above the surface of the earth during the following spring. 
The portion of the axis k' then swells up into a new corm, on which the axillary bud k'' developes into ^ new flowering axis, while the 
sheath of the lowermost foliage leaf becomes converted into the enveloping brown membrane. 

subsequent employment. Even Fungi, the nutrition of which we shall take more 
closely into consideration later on, occasionally form reservoirs of reserve-materials — 
so-called sclerotia. The entire mode of life of a plant is connected most intimately 
with the ways and means of employing the persistent organs as reservoirs of reserve- 
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materials. Very frequently, at the end of the period of vegetation, nothing more 
remains of the entire richly-leaved and rooted plant developed in summer, than simply 
a reservoir of reserve-materials, in connection with one or more buds. This is the 
case for example in species of Ophrys^ in Aconiium napellus, and in most plants with 
bulbs and tubers (e. g. CoIcMcum : Fig, 227). The main mass of such a perennial 
body consists of parenchymatous tissue filled with plastic reserve-materials ; while 
the germinal shoots to be developed later persist through the winter in the form of 
On the whole, the principle is the same in seeds also ; the parts of the 

embryo properly capable of development 
(i. e. the plumule and radicle) which they 
contain are extremely small, even in very 
large seeds, while the mass of the reserve- 
materials is incomparably larger. These 
reserve-materials are either deposited in the 
endosperm, from which the young plant 
subsequently absorbs its nutritive matters 
on germination ; or the first two leaves 
of the seedling, the so-called cotyledons, 
themselves grow to an enormous size, and 
become filled with the reserve-materials, 
which are then conveyed on germination 
forthwith into the tissues of the growing 
organs. For the elucidation of the matters 
of organisation which, though closely con- 
nected with nutrition, are only slightly 
touched upon here, I must refer to the 
figures and explanations distributed through- 
out the text of this lecture. 

The form in which the plastic materials 
are preserved in the reservoirs of reserve- 
materials may be very various; the main 
point always being that, in addition to 
proteid substances, non-nitrogenous com- 
pounds also are present, the mass of which 
usually far preponderates. These latter, so 
far as root-stocks, bulbs, tubers, and Gther 
succulent reservoirs of reserve-materials are 
concerned, are usually carbo-hydrates, with 
a more or less considerable percentage of 
fat. In seeds, on the other hand, it is more frequently the case that the starch 
entirely disappears on ripening, and, together with the proteid matters, large 
quantities of fat only remain over as reserve-materials. 

The form in which the proteid substances come to rest in the reservoirs of re- 
serve-materials may be that of protoplasm itself, at any rate in succulent organs, such 
as bulbs, tubers, and rhizomes ; at least in many such cases considerable quantities 
of living protoplasm are found in the reservoirs of reserve-materials, which, when 



Fig. s 2 S.— Bulbs of FriiiUaria imperials in November. 
A lonsjitiKlinal section of the entire bulb (reduced) ; xr 5' the 
united lower portions of the bulb-scales, b b their free upper 
portions—they surround a cavdty / which contains the remains 
of the decomposed flower-stalk. In the axil of the innermost 
leaf of the bulb is the bud /c which will develope in the follow* 
ing- year. Its first leaves will form the new bulb, while its 
stein developes as the flowerinsf-stalk— the root w springs from 
the axis of this bud. B longitudinal section of the apical 
region of the next year’s bud; s apex of the b ¥ bb*^ 

youngest leaves. 
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the reserve-materials arc consumed, are likewise made use of. This is very distinctly 
the case, for ins>-tance, in tlie scales of the common kitchen onion and die tuber of dne 
potato. In such cases, however, albumin or a soluble proteid substance appears to 
be present in the cell sap: in rarer cases a portion, always ndaliwiy small, of tiic 
non-ora'anised proteid suljstaiice may exist in the form of crysiailoids. This is best 
known in the tuber of the common potato, where, especially close l)eneath tlie skin but 
occasional!}^ also in the whole parenchyma, magnificently developed colourless cubes 
or even lelrahedra arc found l}dng in the protoplasm in autumn and winter. The 



Ftr,. 225.— -A crj-stniloi'l of the jiotato tuber, 
fihered bj' alcoholic solution of iodine anrl yly- 
corino : in the fresh condition it is a perfect cjibe. 
A spherical I.^ycr* endosinj^- a small cube has be- 
come separated in the interior. 



Fig. 230.— a few cells from a very thin section 
through the cotyledon of Pismrt satwmn still in the ripe 
seed- The larg-e grains St with concentric layers are 
starch-grains {cut through) ; the small granules a are 
aleiirone-grains consisting chiefly of legumin, with a 
little oily matter ; i intercellular spaces. 



Fig. 231.— Cells from the cotyledon in a ripe seed of 
LjipmusvartKS. A in alcoholic solution of iodine ; Abifter 
the destruction of the grains by sulphuric add, Z cell- 
woll ; (> protoplasmic matri.'s: with little oily matter; y 
aleiirone grains ; o drops of oil i-icparatedfrom the matrix- 
under the influence of the sulphuric acid ; m cavities 
from which the aleurone grains have been dissolved (Soo). 


careful studies which have been devoted to these crystalloids, and others to be men- 
tioned later, leave not the slightest doubt, on the one hand, that they consist of proteid 
substances, and, on the other, that they resemble true crystals in all points, but with 
the single difference that they are capable of swelling by imbibition b The proteid 

'*■ The crystalloids were discovered by Theodore 'Hzxiig {Bot. Zdt, 1S56), and further investi- 
gated by Radlkofer in his book ‘ Uber Krystalle protemartiger Koi'pc)''’ ^Leipzig, 1S59). R^s-ilty 
discovered the crystalloids in the potato tuber {Flora, 1874, p. 415)* Our present views on the 
nature of crystalloids were founded by Naegeli, * Bot, AHttheihmgm 1 1 . p. 217, 1S62 ' Sitziingsber. 
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substances of ripe seeds behave differently, according as the other reserve-material 
is starch or fat. In starchy seeds (e.g. Beans, Peas, the cereals, Chestnuts, etc.) the 
cavity of the cell is for the most part filled with starch-grains, the interspaces between 
these containing proteid substances in the form of small, spheroidal granules, which 
in the Leguminosese consist of vitellin, in the cereals of a mixture of various proteid 
matters, and in the Wheat particularly of gluten, in fatty seeds (as those of the Coni- 
ferese, Palmeae, Cucurbitacese, Umbelliferse, Solanem, Euphorbiacese, etc.) matters are 
quite different* Here, in thin sections through the tissue of the reservoir of reserve- 
materials (endosperm or cotyledons) the cell-cavities are seen to be filled for the most 
part with rounded brilliant granules, the so-called aleurone-grains, which always consist 
of proteid substances. The interspaces between these are chiefly filled With amor- 
phous fat, after the careful removal of which a scanty net- work, poor in substance 
and of protoplasmic nature, is found, as shown in Fig. 232. The aleurone-grains 

are soluble either in pure water or in very 
t 7? j weak alkaline solutions, or also in a lo^o 

solution of common salt. They, in their 
contain so-called globoids— i. e. sphe- 
roidal, brilliant, minute bodies, said to con- 
phosphates of lime and magnesia, 
and which at any rate probably always 
contain a magnesium salt h In some 
cases, but by no means very frequently, a 
1 crystalloid of proteid 'substance ;;is no 

tained in each aleurone-grain : these crys- 
talloids are particularly fine in Rtcinus and 
other Euphorbiacese, and also in the coty- 
ledons of the Brazil nut {Bertholetia ex- 

ViG. s'!i 2 ,'^Ce\ls from the endosperm of Jiicinus co7nmunts j \ r n/r ^ 

(Boo). ^ fresh, in undiluted glycerine ; in diluted glycerine ; CClSCLy^ 0116 Ol tile IVIy rtaCCSS, and. lU tile Cn- 

dosperm of Mma HiUn, and many other 
seeds. These crystalloids remain behind 

are seen in the aleurone-grains. Wheil the amOrphoUS pi'Oteid SUbstailCe 

surrounding them has been dissolved by 
water: they are thus less soluble than the latter. According to SchimpeFs very 
careful researches, all the crystalloids of proteinaceous substance hitherto known 
belong either to the regular system, as the cubes in the Potato and the octahedra 
in the aleurone-grains of Ricinus, or to the hexagonal system, as the large 
rhombohedral crystals of the Brazil nut, and thosb of Musa Hillii and Spar- 
ganitm ramosum. This is not the place to enter more in detail into the crys- 
tallography of these remarkable structui'es : it appears more important for the 
moment to note that in no case does the whole of the proteid substance of a 


Fig. 232.--CeUs from the endosperm ot Ricinus cojnmunis 
(Soo). A fresh, in undiluted glycerine ; B in diluted glycerine ; 
C warmed in glycerine ; D after treatment with alcoholic solution 
of iodine, the aleurone-grains have been destroyed, by sul- 


are seen in the aleurone-grains. 


der k. bayer. Akademie). On the distribution of erystalloids, see Klein in Jahrb.fur zmss. Bot. 
(B. XIII. p. 6o). What is said in the text is founded particularly on Schimper’s works, ^ t/bsr die 
Krystalle der eiweissartigen SubstanMn"^ in Zeitschrift fiir Krystallographie (Leipzig, i8So), and, 
further, ^ Untersuchtmgen iiber die Pr otemkry stable der PJlanzen'' (Strassbiirg, 1878). Cp. also 
Jahrb.fur wiss. 

^ Cp. Pfeffer’s statements in my ^ Lehr buck ^ IV. Aufl., p. 55. 
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seed^ or other reservoir of reserve-materials pass into, the crystalline form, but that 
amorphous, substance is always ..present in addition; and that, as it .appears, no crys- 
talloids ..are met with in the majority of seeds, and certainly not in the la.rge majority 
of succulent reservoirs of reserve-materials. Where they occur, they become dissolved 
during germination, and, like the a.morphous reserve-substance as well as that existing 
as protoplasm, are conveyed into the growing parts, there to serve for the formation 
of protoplasm. Like starch-grains and other reserve-materials, crystalloids of pro- 
teinaceous substance occur also in organs which cannot be regarded as reservoirs of 
reserve-materials in the narrower sense : here they a.re met with .rather as temporary 
deposits of plastic substance for special purposes of metabolism. Here belong above 
all the crystalloids discovered by Radlkofer (1858) in the nuclei of cells in almost all 
the parts of Lathrma Sqmmaria^ as well as those found by Julius J^llein in the nuclei 
of the cells of Pinguicula and Utricularia, Klein found crystalloids, not in the 
nuclei, but in the living cell-contents of numerous marine Algse, especially the 
Siphonem (Aceiahularia^ Bryopsis, Codhim^ etc.) and many Floridese {Bornitia^ 
Cerammm, Polysiphoma^ etc.). Finally, the Rhodospermin crystals discovered by 
Cramer, which arise from the cell-contents of the Florideaj under the influence of 
salt solution, alcohol, or glycerine, may be referred here. Klein also found crystal- 
loids in the fructification of Pilohohis, a fungus closely allied to Mucor, 

The various carbo-hydrates are better known chemically than the different 
kinds of proteid materials. From a physiological point of view, however, it may 
be shown that even the most different members of this group — starch, the sugars, 
inulin, and cellulose — are in so far of completely equal value that they can replace 
one another as reserve-materials. While in most tubers and other succulent 
reservoirs of reserve-materials, in the cortex and wood of trees, and in many seeds, 
starch is usually stored up as the reserve-material, we find exactly the same purpose 
served in the perennial organs of Compositse, in the tubers oi Dahlia Helianthus 
iuherosuSj and in the roots of Inula Helleniuin^ Taraxacum officinale, etc., by a 
concentrated solution of inulin ; on the formation of new germinal shoots this is 
made use of in exactly the same manner as starch is elsewhere. In the beet-root, 
again, cane-sugar is accumulated in the parenchymatous tissues towards the end 
of the first period of vegetation; and in the bulb-scales of the kitchen onion a 
mixture of grape-sugar and other kinds of glucose occur, and here play the same 
part as does the starch in the bulbs of the tulip and crown imperial But even 
cellulose itself, which generally occurs only as one of the final products of meta- 
bolism, may play the part of a reserve-material. The endosperm of the Date and 
of some other palms, as well as the large endosperm of the seed of Phyieltphas 
(vegetable ivory), consists of exceedingly thick-walled tissue, the laminated and 
pitted cell-^yails of which are formed of pure cellulose : this is dissolved on germina- 
tion, and passes over into the seedling in the form of sugar, thus playing exactly 
the same part as starch, inulin,’ and sugar do elsewhere. 

A more detailed description of the species of sugars would here lead us too 
far into the province of chemistry. In plants they always occur dissolved ; and when 
obtained in the solid form it is either as true crystals, as in the case of cane-sugar, 
or as crystalline, crumbling aggregates, as in the case of the glucoses. The latter 
are chemically distinguished particularly by the fact that they easily reduce copper 
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salts in an alkaline solution; whereas cane-sugar only gives a blue fluid with this 
reagent. Inulin is still more characteristic. It is dissolved in the fluids of living 
cells: if expressed from these, however, it is precipitated in the form of minute 
white granules which possess a crystalline structured The crystalline nature of 
inulin becomes much more evident, however, \vhen tubers containing inulin are 
allowed to lie for a long time in alcohol: there. are then formed in the tissues so- 

called sphere-crystals — i. e. crys- 



talline aggregates of knobby, 
rounded form, which in their 
turn consist of radially disposed 
elements proceeding from a com- 
mon centre. Such aggregates not 
rarely embrace a considerable 
extent of tissue. The sphere- 
crystals in the dark field of the 
polarising microscope exhibit a 
bright cross, corresponding to 
the crystalline structure. On 
heating up to 50-60° C. the 
sphere crystals are again dis- 
solved; they are also formed 
under the influence of frost in 
the cells containing inulin. The 
cellulose which occurs as a re- 
serve-material shows no essential 
differences from that seen else- 
where in strongly thickened cell- 
walls, except that it never be- 
comes lignified. It is here to be 
added, however, that the middle 
lamellae of such tissues persist 


on the dissolution of the thicken- 


FlG 233. -Sphere-crystals of inulin. yf from an aqueous solution laid 
aside for 2^ months. At (i the action of nitric acid is commencing'. A’ cells 
of tile root-tuber of Daftlia n'ariabUis — a thin section after lying 24 hours in 
90 n/o alcohol was then immersed in water C two cells with half sphere- 
crj'.stals which have their common centre in the middle of the intervening 
cell-wall ; from an internode 8 mm. thick at the apex of an older plant of 
Helianihus tuberosus which had Jain for some time in alcohol. D fragment 
of a sphere-crystal. E a large sphere-crystal embracing several cells {from a 
large piece of the tuber of Helianthus tuberosiis after lying some time in 
alcohol). F inulin after evaporation of the water from a thin section of the 
tuber of Helianihtis iiiberosus (X 530 : E not so much magnified). 


ing layers, and are not dissolved 
with them. 

We must devote somewhat 
more time to the consideration 
of the starch®. This always oc- 
curs in the plant in the form of 
rounded, solid, hard granules, 


which split on the application of sufficient pressure, and which may grow from a size 


scarcely visible even with the highest powers of the microscope to grains 0*2 mm. 


in diameter: generally, however, the grains possess a diameter of only a few 


^ With respect to inulin cp. Sachs’ Bot, Zeitung, 1864 (p. 77), and Dragendorff, ^ Materialeii zu 
einer Monographic des ImiUnsP (Petersburg, 1870). 

^ The chief work on starch-grains is Naegeli’s extensive description in the ‘ PJlanzen-physioIo- 
gische Uniersnchungen’' of Naegeli and Gramer, 1858. 
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ihousaiitlilis or liuiidredths of a mm., and an average spcciiic weight of r‘5h. In 
consequence of these la'operlies, and since they are insolul^le in coid water, it is easy 
to obtain the starch-grains in quantity from starchy tubers, seeds, and other organs : 
it suffices to rub or otherwise crush such parts of the plant, just as ordinary wheaten 
flour is obtained by grinding grains of wheat, and then to remove the crushed masses 
of tissue with abundance of water, to obtain pure slarcii-meal as a scilimeni. On 
observation with the microscope the somewhat larger starch-grains in the cells are 
conspicuous by their strong refractive power and corresponding lustre. On the addi- 
tion of solutions of iodine they become coloured, according to the quantity of iodine 
in each case, of various shades from bright blue to blue-black. The structure of 
the starch-grain has been investigated very 
thoroughly, especially by Naegeli (1859), C 

whose researches a deeper insight into the 
innermost structure of organised bodies was 
first obtained. It is not necessary, however, 
to go further into these matters here. In the 
meantime it suffices to bring forward the fact 
that starch-grains may possess the most various 
shapes, and indeed that every plant produces 
them of characteristic form. These character- 
istic forms, however, only appear in the large, 
completely developed grains ; granules rvhich 
are still young and very small being mostly 
spherical, or having the form of segments 
of spheres, and only developing the charac- 
teristic shapes on subsequent growdh. 

To illustrate a few of these only, I may 
refer in the first place to Fig. 234, which 
shows various forms of starch from the tubers 
of the Potato. The large and simple grains 
are here approximately ovoid, with an eccen- 
tric hilum. The starch-grains of the Bean, 

' Fig. 234, —starch -grains from the tuber of a Potato 

Pea, and other Leguminosese, on the other (Soo). ^ an oWer simple gram; A’ a semi-compound gram; 

C, I? compound grains. A an older grain the hilum of 
hand, are ellipsoidal, with a fissure running which is divided; « a very young grain, ^ an older one 
. . ^ . c one still older and with divided hilum. 

m the middle of the substance of the grain 
in the dry state. The starch-grains of the 

Rye and Wheat have the form of bi-convex lenses (Fig. 235 ^) ; those of the 
tubers of Curcuma are elliptical tablets, which possess a sort of peg or handle at 
one end, in which the so-called hilum lies. Where the starch-grains are aggre- 
gated in large numbers and predominate in the cells of dry seeds, as in the 
Maize and Rice, they may be polyhedral, and so densely crowded that only very 
thin spaces filled with proteinaceous substance are left between them (Fig. 

These are all simple -‘grains. 

Compound grains consist of several or many, or even thousands of individual 
starch-grains, which, however, are so closely connected that they iorm together a 
roundish grain, which with sufficient pressure breaks up into the individual granules ; 

[3] . Z 
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this is the case, for example, in the endosperm of the Oat, ol Mh^ahilis Jalappa^ and 
other seeds. Naegeli terms such forms as those in Fig, 234 C, and I) semi-com- 
pound: in these cases two or three starch-grains lie not only with their surfaces 
closely appressed to one another, but they are also embraced by common en- 
' veioping layers. 

According to SchimpeFs more recent observations, compound starch-grains 
arise as follows. In the interior of a starch-forming corpuscle are formed starch- 

grains, at first like mere dots, then increas- 
ingin size: these finally come into contact 
another, and flatten, the surface 
of the whole mass, corresponding to the 
circumference of the protoplasmic starch- 
forming corpuscle, remaining rounded a 
process which also takes place in the form- 
ation of starch in chlorophyll-corpuscles (cf. 
Fig. 222). As regards the semi-compound 
^ / starch-grains, it results from Schimper's 

description that the grains are produced at 
^ two, three, or more points of the surface 

^ starch-forming corpuscle, and grow 
most vigorously at those surfaces which are 
^ in contact with the starch-forming cor- 

puscle, whence the hilum of each comes 
to lie eccentrically and towards the outside ; 
and when the substance of the starch- 

^ forming corpuscle itself is at length com- 

pietely consumed, the partial grains are 
B mutually in contact at their surfaces of 

^ If '] gi'owth. All simple starch-grains with a 
central hilum and concentric structure 
(lf( ( j I) originate, according to Schimper, entirely 

interior of a starch-forming cor- 
puscle ; and are therefore enveloped by its 

FIG. 235.— ^ a cell from the endospenn of ilfiatz'j', filled , - i ‘t j 

with closely packed and therefore polyhedral starch-grains; SUDStanCe, irom WtllCil they are nOUriSheu. 
between the grains are thin plates of dry fine-grained proto- i t 

plasm. Small cavities and fissures have arisen in the grains J. he eCCentllCaily COnStrUCtCCl graiHS, Oil 
owing to the drying. starch-grains from the endosperm , - , j • v T r 

of a germinating seed of Maize. B lenticular stm-ch-grains thC OthCF hanCl, ariSC DCnCath the SUriaCC 
from the endosperm of a germinating seed of r i r • i j i 1 

£'aye: the commencing action of the ferment makes itself Ot 3 L StarCh-lOrming COrpUSClC, aOU break 
evident in the first place by the stratification becoming more -t i i i 

distinct (800). . through this as they become larger; 

they then grow at the side connected 
with the starch-forming corpuscle, sb that the hilum is pushed outwards eccen- 
trically. 

To the best known peculiarities of starch-grains belongs their stratification. 
Around the hilum already mentioned the substance of a starch-grain is not homo- 
geneous, but consists of alternating layers of different density, surrounding the hilum 
concentrically from within outwards : in grains with eccentric structure, only a cer- 
tain number of such closed layers envelope the hilum, while more or less numerous 


FIG. 233.— a cell from the endospenn ci Zea Mats, filled 
with closely packed and therefore polyhedral starch-grains ; 
between the grains are thin plates of dry fine-grained proto- 
plasm. Small cavities and fissures have arisen in the grains 
owing to the drying. starch-grains from the endosperm 

of a germinating seed of Maize. B lenticular stm-ch-grains 
from the endosperm of a germinating seed of TriUcum 
gare : the commencing action of the ferment makes itself 
evident in the first place by the stratification becoming more 
distinct (800). . 
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layers lie on the growing side and thin -off towards the .hilniiij as seen in Fig. 234. 
Naegeli first showed that the whole of the visible internal structure , of the starch- 
grain depends upon an unequal distribution of water and starch-substance. The 
hilum always consists of a watery portion poor in substance : tlie layers of the grain 
are formed of starch-substance containing much and little water alternately, and this 
in such a manner that the outermost layer of a grain is always one poor in water 
and rich in substance, and- dense. Moreover, the proportion of water of ail the 
layers increases from the circumference towards the hilum ; whence is to be 
explained the fact that, on the desiccation of the starch-grain, fissures arise in the 
hilum, and i*adiate from this towards the periphery. 

The chemical substance of a starch-grain, however, apart from this varying 
difference in the proportion of winter, is composed of two substances, chiefly distin- 
guished by their solubility: these are termed granulose and starch-cellulose. The 
first predominates by far in quantity, and is at the same time the one which effects 
the blue colouration of the starch-grain with iodine. Being the more easily soluble, 
it may be removed by various solvents from the starch-grain, the starch-cellulose alone 
at length remaining behind, in such a manner, however, that it still forms a skeleton 
exhibiting the essential structure of the starch-grain. If large starch-grains are 
macerated in fresh saliva at 35 - 55 ° Cl., or, according to Franz Schulze, digested at 
60® in a saturated solution of common salt containing ioJq of hydrochloric acid, the 
whole of the granulose is removed sooner or later : i. e. it is chemically altered and 
converted into sugar, while the starch-cellulose remains behind in the form of a 
laminated skeleton. This latter* is coloured copper-red with iodine, or not at all, 
and represents only a small proportion of the mass of the entire starch-grain. The 
different solubility of the two substances is also made evident on germination by 
the behaviour of the starch-grains in the reservoirs of reserve-materials, The starch- 
grains in the living cell, however, may be dissolved in a very different way. In 
some cases the solution begins with the removal of the granulose, while the cellulose 
remains behind. This however often takes place only here and there ; the extraction 
proceeds at isolated spots from without inwards. The extracted places are coloured 
copper-red with aqueous solutions of iodine, the rest of the mass blue. This I found 
to be the case in the endosperm of germinating Wheat (Fig. 235 B). In other cases the 
solution begins likewise at single spots on the circumference, but the entire substance 
is progressively dissolved : cavities are produced, and the grain here also finally breaks 
up into pieces, as seen in Fig. 235 a-f. In the cotyledons of the germinating Bean, 
the solution of the ellipsoidal grains begins from within ; before they break up into 
pieces, the granulose is often so completely extracted that the grains assume a copper- 
red colour with iodine, bluish here and there. Subsequently all is dissolved. In the 
germinating Potato, and in the root-stock of Canna^ on the other hand, the solution 
of the grain proceeds from without inwards, layer after layer being removed. It evi- 
dently depends here, as with the action of saliva, upon whether the solvent acts slowly 
and first extracts the granulose only, or energetically attacks and dissolves the sub- 
stance as a whole. 

When the solution of starch or granulose is here spoken of, a chemical con- 
version into sugar at the same time is always to be supposed. Starch-grains as such 
are not soluble simply in water. If they are crushed in cold water, however, a small 

22. 
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portion of the granulose appears to pass into solution, and is precipitated by iodine 
as fine-grained blue pellicles. Starch-grains ground up with fine sand likewise 
appear to yield an actual solution of granulose in cold water. 

To the very characteristic properties of starch belongs the formation of paste. 
Water of at least 55° C. causes large, watery starch-grains to swell up vigorously: 
in the case of small denser grains this only results, according to Naegeli, at 65°C. If 
sufficient water is present at this temperature the watery inner portion of a grain swells 
first, and then the outer : the outermost layer scarcely swells at all, it is rather blown 
up and remains behind in the paste produced by the swelling, in the form of pelli- 
cular shreds. A dilute solution of potash or soda produces a similar effect in the cold. 
The volume of a starch-grain may in this manner increase a hundred-and-twenty-five 
fold, and so much liquid may be taken up that the swollen pasty grain only contains 
from 2 to of substance. With a sufficiently large quantity of hot water the 

paste is so distributed that it looks like a homogeneous mass, and this on cooling con- 
geals to a translucent jelly. After long boiling the starch paste loses the property of 
gelatinising after cooling : the starch is then converted into a modification soluble 
even in cold water. 

Large, completely-formed, and especially simple starch-grains are found only in 
the ripe quiescent reservoirs of reserve-materials ; in growing or vigorously vegetating 
shoots and roots, and other organs in general where they are evidently being con- 
tinually formed and dissolved, they are found only in small and often exceedingly 
minute granules. In such cases however even the smallest quantities of starch may 
easily be detected under the microscope, if thin sections of the portion of the plant 
in question are either warmed in potash solution or left for some time lying in it in 
the cold, then carefully washed out with water neutralised with acetic acid, and very 
dilute iodine solution finally added. The swollen-up minute starch-granules now 
appear as voluminous blue grains. I have employed this method thousands of times, 
particularly in investigations upon the -origin of the starch in the chlorophyll as well 
as its translocation during the growth of the organs, and much information as to the 
processes which occur during germination and the passage of material from place 
to place, to be described in the following lecture, has been obtained in this way. 
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RENEWAL OF ACTIVITY OF RESERVE-MATERIALS. FER^^IENTS. 

DORMANT PERIODS. 

The constructive materials of the organs in the reservoirs of reserve-materials, as 
well as those within other organs in their temporary conditions of rest, exist in forms 
not suited for their immediate co-operation in growth. This is in part because the^'are 
not soluble in the watery cell-sap, and are therefore incapable of being transported 
— e. g. starch-grains, many aleurone grains, crystalloids, and slimy proteid substances. 
It is above all necessary that these materials should diffuse from cell to cell and 
travel from the places where they are deposited to those where they are used : 
this is not possible in these conditions. 

Another point also comes into consideration here. Even cane-sugar, and similarly 
inulin, though always dissolved in the cell-sap, only occur as reserve-materials, and 
are not in a fit’ condition for direct employment in growth ; since when it is necessary 
to make use of these matters in the growing germinal shoots, they are previously con- 
verted into another chemical form, namely into a sugar which reduces cuprous oxide 
in an alkaline solution, and which, neglecting further differences, we shall term 
generally glucose. 

Since now cane-sugar, inulin, and to a certain extent even dissolved proteids, 
occur in a transportable condition, and more or less capable of diffusion, it must in 
this case be not simply a matter of making them capable of diffusion, but we may 
assume that the chemical alteration also serves to render them in a condition 
in which they are suited for direct employment in growth. In these changes of 
the reserve-materials, therefore, it is not simply a matter of making them soluble and 
transportable, but evidently of also converting them into a form directly serviceable 
for growth. 

We may perhaps shortly formulate the matter thus. The plastic substances 
present two conditions : in the one condition they appear passive, inactive, dormant, 
whether in the solid or in the dissolved form ; in the other they are not only always 
dissolved and movable, but are also in such a condition that they can directly take 
part in the nutrition of growing cells. In this state they appear active, in contrast to 
their passive condition in the reservoirs of reserve-materials. 

In both animal and vegetable organisms, organic compounds of peculiar kind are 
produced, under the influence of which plastic materials are converted from the passive 
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into the active and movable condition ; these are the Ferments h They appear to 
originate from proteinaceous substances, always however in extremely small quan- 
tities only, so that their existence in most cases can only be inferred from their 
conspicuous action; this action consists in their being able to convert very large, 
perhaps indeed unlimited quantities of reserve-materials into the active state. The 
ferments affect the latter in a certain sense as stimuli do irritable organs. In what 
way this action takes place however is still questionable, though it differs from ordinary 
chemical actions in that the ferment itself is not essentially altered during the process, 
and does not even enter into a chemical combination. It must be added here, 
however, that similar alterations are produced on carbo-hydrates, proteid matters, 
and some other peculiar organic compounds (especially* the so-called glucosides) 
by acids, alkalies, and even by water at higher temperatures. Hence it is not 
always certain in the present state of our knowledge whether, in a given case not 
more exactly investigated, the changes of the reserve-materials and glucosides in 
question are produced by actual ferments, or by certain vegetable acids or alkalies. 
In this province of vegetable physiology, which has only been opened up during the 
last few years, there is still much that is problematical and uncertain, so that we 
are necessitated to depend to a large extent on the experience of animal physiology. 
Nevertheless the facts already known concerning vegetable ferments quite suffice 
to show that in this connection also, as in so many others, important agreements 
exist between the vital processes of animals and plants, especially where fundamental 
phenomena are concerned. 

With regard to the results of their action, two main categories of ferments may 
be distinguished. In the one case the ferment effects only an insignificant chemical 
change, as when starch, cane-sugar, or inulin are converted into glucose, or proteids 
into peptones. In other cases, on the contrary, the ferment action consists in a very 
profound chemical alteration, of such a nature that from one complicated organic 
compound two or three simpler compounds very different in kind are produced. 
The first category may be distinguished as merely alterative ferments, the second as 
splitting ferments. To the latter belongs,, for example, the Emulsin of the Almond, 
by means of which its amygdalin becomes decomposed into glucose, prussic acid, 
and oil of bitter almonds, and which is also able to break up numerous other 
glucosides into glucose and other products. The case is similar with Myrosin, which 
splits potassium myronate into glucose, oil of mustard, and potassium sulphate. Never- 
theless these ferments, as well as the matters upon which they act, are of subordinate 
importance, since both occur only in individual families or species of plants, and 
because their significance for metabolism, for the purposes of growth itself, is in these 
cases very questionable. 

The fact is quite otherwise with the first category of ferments, which I have 
distinguished as merely alterative. These re-invigorate the plastic reserve-materials 
distributed throughout the vegetable world; and although we have as yet by no 

More details respecting the ferments are to be found in Schiitzenberger’s book, ' Die 
Gahrungserscheinungen' (Leipzig, 1876); and also PJianzen-physiologie, §§ 47, 56, 59. 

Both, however, are wanting in criticism of the phenomena. In this connection the best is un- 
doubtedly Naegelfs ' Theorie der Gahrung"* (Mtinchen, 1879). 
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means sufficient information concerning them as to whether these changes are 
always .effected by ferments, or do not occasionally occur by other means, the great 
importance of this category of ferments nevertheless lies in that they are known 
in very many cases to re-invigorate the plastic substances. 

In this category, alone to be considered herej two chief kinds of ferments are 
to be distinguished, namely, the diastatic ferments and the peptonising ferments. 
The former convert various carbo-hydrates into glucoses, while the different proteid 
substances are transformed by the latter into peptones. As a third subdivision inay 
be added the emulsifying ferments which act upon fats, and which will be spoken 
of subsequently. 

The longest and best known diastatic ferment in plants is Diastase, produced 
on the germination of the seeds of barley and other grasses: it may be extracted 
from the seedling by water or glycerine, and is capable of transforming enormous 
quantities of starch into glucose, especially at higher temperatures below 70° C. A 
few drops of an extract obtained in this way added to a considerable quantity of 
boiled solution of starch, transforms it completely into sugar in a few hours; and 
fresh starch-grains at the ordinary temperature (15-25^0.) are in a short time 
corroded and finally dissolved entirely, as previously described. Since, now, in the 
germination of all starchy seeds, tubers, bulbs, and other reservoirs of reserve- 
materials, exactly the same alterations of the starch-grains take place, and the starch 
disappears with the formation of sugar, it may be supposed a priori tho^t in all these 
numerous cases, diastase, or at any rate similar diastatic ferments, produce the effect 
mentioned. And, as a matter of fact, Baranetzky has shown that in ail cases where 
he looked for the diastatic ferment in starchy seeds, tubers, steins, and even leaves, it 
was to be found; and even in organs which contain no starch but abound in sugar, 
as in the Carrot (Daucm caroia) and Turnip {Brassica Mapa), the same observer 
found a diastatic ferment. In seeds containing starch, the ferment may appear before 
the commencement of germination ; generally, however, it only appears when growth 
begins. 

It was formerly the custom to distinguish, as Invertin, a substance produced 
by the Yeast-plant, Bacteria, and Mould-fungi, which splits cane-sugar into dextrose 
and levulose (two species of glucose which reduce cuprous oxide), w^hich then 
undergo further decompositions under the influence of these Fungi. That a similar 
ferment occurs also in the wintering Beet-root, may be concluded from the fact that 
the cane-sugar collected as a reserve-material in its tissues is transformed into glucose 
in the following spring, when the flowering shoots are developed ; and a similar phe- 
nomenon occurs on the development of the fruiting spikes of Indian corn, the 
parenchyma of the stem of which previously contained large quantities of cane- 
sugar. The inulin in the tubers and perennial root-stocks of the Compositae, more- 
over, as I showed twenty years ago,, is transformed into glucose when the shoots 
begin to grow, whence we may conclude that here also a diastatic ferment resembling 
invertin co-operates. 

The ferments appear to be always produced by the growing parts of the 
seedlings and buds themselves, and to penetrate from these into the reservoirs of 
reserve-materials, there to dissolve or make active the constructive materials. This 
is particularly evident in the case of seeds containing endosperm. If the young 
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seedling (embryo) is removed from the seed of the Indian corn (Maize), Barley or 
other plant, and the endosperm alone laid in moist warm earth, its starch is not 
dissolved and transformed into sugar. Still more evident than in such cases 
appears the action of the growing seedling on the reservoir of reserve-materials, in 



Fig. 236.— Germination of Phaenix daclylifera. / trans%’erse section 
of the resting seed ; II, HI, Hostages in the germination {/Jf'nat. size) ; 
^ transverse section of the seed If^'’ at^rx; P transverse section of at 
vy ; C ditto at e the horny endosperm ; s sheath of cotyledon ; si its 
p'etiole ; £■ its apex, developed into an absorbing organ which; gradually 
exhausts the endosperm, and at length replaces it; wthe primary root; 
w' lateral roots ; d'd" the leaves which succeed the cotyledon, becomes 
the first foliage leaf; in B and C its folded lamina is seen in transverse 
section. 


the germination of the stone of the 
Date; for here the non-nitrogenous 
reserve-material consists of hard 
cellulose, which is deposited in the 
endosperm in the form of thickened 
cell-walls, and which constitutes the 
great mass of the date-stone. The 
embryo, at first very minute, pro- 
trudes its root and plumule at the 
beginning of germination (as seen in 
Fig. 236), and only the uppermost 
portion of the primary seed-leaf, 
which now gradually develops into 
a cup-shaped absorbing organ, be- 
coming larger and larger, remains 
within the endosperm. This organ, 
consists of very delicate parenchyma, 
and excretes ferments which dissolve 
the hard endosperm in its immediate 
neighbourhood. The products of 
solution are absorbed by the organ, 
and then conveyed into the growing 
parts of the seedling; until finally 
the whole of the hard date-stone is 
dissolved, and its cavity occupied by 
the developed absorbing organ. The 
seed of Phytelephas (knowm under 
the name of Vegetable Ivory), which 
is at least a hundred times larger 
than the date-stone, and the endo- 
sperm of which consists of much 
harder cellulose, behaves similarly. 

The action of those Fungi w'hich 
destroy wood and kill trees may be 
compared directly with the action of 
such seedlings on their endosperm; 
the thin mycelial threads of these 
Fungi, as has been shown by Robert 


Flartig in his magnificent work, penetrate into the alburnum and heart-w^ood of 


trees, evidently because they excrete ferments at their growing apices, w^hich dissolve 


the hard cell-walls of the W'ood. 


Attention was first drawn to. the occurrence of peptonising ferments in the 
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vegetable kingdom by the remarkable phenomena observed in the so-called ins^o 
tivorous plants, of which I shall speak more in detail shortly. My earlier studies 
on the germination of various seeds left no doubt that seedlings dissolve and make 
active their proteinaceous reserve-materials by means of peptonising ferments. Gorup- 
Besanez was, bo\vever, the first to detect peptonising ferments in seeds. This he 
did in the seeds of the Vetch, Hemp, Flax, and Barley; and Knikenberg found an 
energetic peptonising ferment soon afterwards in the protoplasm of a I\Iyxomycete, 
namely, in the yellow plasmodium of the ^flowers of tan' (jEtlialium sepikuni). More 
recently, a very energetic peptonising ferment in the latex of Carica Papaya lias 
attracted particular attention, and a similar ferment has been detected in the latex 
of the common Fig [Ficus Caricdf. As we come to know the proteinaceous reserve- 
materials of plants better, and if we follow their behaviour in the animal body also, 
it can scarcely be doubtful that, in spite of incomplete knowledge, the assumption 
is nevertheless warranted that peptonising ferments are perhaps universally dis- 
tributed in plants; moreover, peptones, the result of their activity, have actually been 
detected by Schulze in the seedlings of the Lupine. The peptonising ferments in 
the animal body, where they occur particularly in the mucous membrane of the 
stomach, are much better and more generally known than in plants. Exceedingly 
small quantities of them are able to lignify and dissolve coagulated egg-albumen, 
blood-fibrin, or muscle, in the presence of an acid, especially hydrochloric acid, with 
great energy, and so convert them into a condition in which the proteid matters, 
while retaining their essential chemical properties, will diffuse through closed tissue 
cells, to be reconstructed into organised proteid substances at suitable spots in the 
organism, and to serve for the construction of tissues. 

In the peptonising of proteid substances, as in the action of diastatic ferments, 
it is a matter of a relatively slight chemical change. A much more profound 
decomposition of the proteid bodies takes place, on the contrary, when they are con- 
verted into Asparagin ^ and other split products. Among the latter, in any case, a 
sulphur compound, probably sulphuric acid, must occur. But, besides asparagin, 
Tyrosin, which arises in the artificial splitting of proteid bodies, has also been 
observed by Borodin in many cases. It is not yet known whether or how far any 
ferment action occurs in this case. In any case, however, the formation of asparagin 
has a similar significance for the transport of nitrogenous substance that the formation 
of sugar from starch-grains has ; since by means of the conversion of proteid bodies 
(which are only slowly and with difficulty diffusible even in the dissolved state) into 
asparagin, which is a cry stall isable substance forming solutions which readily diffuse, a 
means is obtained for transporting the nitrogenous substance in the closed parenchyma 
to the places wffiere it is made use of. Consequently asparagin is formed on the 
germination of seeds, tubers, root-stocks, and wffien the winter-buds of woody plants 
put foi'th their shoots ; this penetrates from the reservoirs of reserve-materials into 
the young growing parts, and is there employed for the formation of protoplasm, 


^ On the ferment in the latex of Ficus Carica cf. Hansen, *Sitznngsber. cler physical, med. Soc. 
zn Erlangen’ (Nov. 8, 1880). 

' 2 The literature^on Asparagin is cited in Pfeffer’s ^ Fflanzcn-physiohgie" (§ 59 ;- Borodin’s 
treatise, the one chiefly made use of in the text, is in Bot. Zeitg. 1878 (Nos. 51, 52). 
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a restitution into proteid having previously taken place, and non-nitrogenous sub- 
stance (in the first place probably glucose) being made use of in the process. 

This significance of asparagin was clearly perceived by Theodore Hartig, 
so long ago as 1858, as is seen from his statement as follows : 'This apparently 
general occurrence of this crystallisable substance in all the young cell-tissues, 
indicates that its solution is the form in which the nitrogenous nutritive substance 
of plants, formed from the reserve-materials, is moved from cell to cell.' The fact 
that Hartig's important discovery remained so long in abeyance, is to be ascribed 
to the circumstance that this able investigator here, as in many other cases, employed 
a very peculiar and often unintelligible nomenclature, and termed asparagin ^Gleis! 
Our knowledge of this body was only carried, further in 1873, by an investigation of 
Pfeifer's : he proved that the accumulation of asparagin during germination in the 
dark, is due to the fact that in this case there are not sufficient carbo-hydrates present 
to afford the material for the construction of proteids out pf asparagin. If seedling- 
shoots grown in the dark and abounding in asparagin are exposed to strong light, 
and a fresh supply of carbo-hydrates produced by assimilation, the asparagin dis- 
appears, and proteid substances are formed at the same time. 

Moreover, in the formation of asparagin, the end appears to be not simply the 
rendering the nitrogenous substance transportable. The fact, discovered and insisted 
upon by Borodin, that asparagin arises even in cut-off buds and older shoots 
which are allowed to grow, and therefore in the cells which are then beginning 
to grow, proves that in the formation of asparagin it is not simply a matter of 
conveying proteid- forming substance into the young organs, but that here, as in the 
formation of peptone and in the inversion of cane-sugar and inulin, we may assume 
that it is a matter of giving the plastic substance a form in which it is directly suited 
for the nutrition of growing protoplasm; or, as I expressed it in the beginning, to 
convert the passive form of the reserve-material into an active one. 

The universal occurrence of asparagin asserted by Hartig, but disputed later 
by Pfeffer, was again established by Borodin in 1878 in a detailed treatise, going 
more exactly into the conditions under which asparagin is to be detected. 
Under normal conditions of vegetation during vigorous growth, and especially 
under the influence of intense light, the asparagin is usually employed, according to 
Borodin, for the formation of proteid, and for growth, as quickly as it is itself pro- 
duced — an amount sufficiently large for detection only rarely occurs during normal 
vegetation. Hence, to demonstrate the presence of asparagin in growing parts, ab- 
normal conditions must be induced ; either by allowing the plants to grow in the dark 
or in a feeble light, or, better, by placing branches in water, and employing the same 
methods as before. The surest method, according to Borodin, is to make single 
buds or the young apices of shoots grow in the dark, or in a feeble light; for by 
this means, in part, the addition of carbo-hydrates from older parts, or even from 
reservoirs of reserve-materials, is prevented, and in part the new formation of carbo- 
hydrates by assimilation is excluded, and thus the reconstruction of asparagin into 
proteid made impossible. Asparagin is therefore accumulated under the conditions 
named, and can be demonstrated in sections under the microscope by the addition 
of alcohol, in wdiich it crystallises in a characteristic manner. In this way Borodin 
succeeded in effecting the accumulation of asparagin, and in demonstrating its 
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presence in numerous cases where none at all was to be detected under normal con* 
ditions>f vegetation. It is. still to be mentioned that the formation of asparagiii 
takes place also in young flower-stalks and buds, young fruits, and growing seeds ; on 
the ripening of the seed, however, it disappears in the reservoirs of reserve-materials. 

It is worthy of remark that Borodin succeeded in demonstrating the formation 
of asparagin in all cases where he investigated the growing parts of plants for that 
purpose. Unfortunately, there is only a single observation on a Moss: the question 
still remains to be answered also how the matter stands with respect to Algse and 
Fungi. 

Finally are to be mentioned the fats. I showed, so long ago as 1858, that in 
the germination of seeds containing fat a transference of the fatty oils from the 
cotyledons, or from the ejidosperm into the growing parts of the seedling, appears 
to take place; and a few years 'later this was confirmed by chemical analyses 
by Peters \ When the roots and shoot-axes of the seedlings of Acinus, Gourd, and 
Almond have already grown to a considerable size, we find in their parenchyma for 
some time longer considerable quantities of fat, w-hich have passed in from the coty- 
ledons, or the endosperm, and only disappear later in metabolism. It thus appears 
that the fats can pass through the closed tissue-cells as such ; though of course 
the greater part of them is transformed into starch and sugar for transport and use. 
Similar phenomena with respect to fats occur moreover in the animal body, where 
the fats entering into the stomach are in the first place emulsified by the secretion from 
the pancreas, that is, th(^ become converted into exceedingly fine drops and then 
saponified. This again as brought about by a special ferment. According to 
Schiitzenberger, a similar ferment actually exists also in fatty seeds: if such seeds 
are ground up in water, an emulsion is produced in which, as he says, glycerine 
and free fatty acids appear forthwith. According to this, however, the presence 
of fats in the seedling can only be explained by assuming that glycerine and fatty 
acids travel from cell to cell, and are continually becoming re-united for the forma- 
tion of fat, a process moreover which presents a certain similarity with the move- 
ments of transitory starch. For starch also is found at places in the tissue 
where it has neither been originally produced nor is employed, and thus in a con- 
dition of translocation towards the places where it is made use of; in petioles and 
the older internodes of growing plants, this fine-grained transitory starch is to be 
found very generally. It is obvious that it does not pass as such through the closed 
cell-walls, and its translocation is only intelligible if we assume that the small starch- 
granules in one cell become dissolved and the solution penetrates into the next cell, 
there to become separated again as granules by the starch-forming corpuscles of 
Schimper, the process being repeated from cell to cell. 

As a rule, the i^emarkable decompositions of organic compounds brought about by 
the Ferment-fungi (organised ferments) have also been regarded hitherto as ferment- 
actions, it being assumed that in these Fungi — Yeast, Bacteria, Mould-fungi, etc. — 
peculiar substances belonging to the category of ferments are produced, which act 
upon the saccharine or proteinaceous media as do the above-named splitting fer- 
ments. Thus, for example, grape-sugar is broken up by the Yeast -fungus into 


^ On the translocation of fats, cf. my ‘ Handbuch der Exp.-pkysi (1865, p. 304}. 
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alcohoV carbon dioxide, glycerine, and succinic acid, and proteid matters are split up 
by Bacteria into a long series of chemical compounds. But Naegeli, in bis ‘ Theory 
of Fermentation' (1879), given sufficiently strong reasons for believing that the 
fermentation and putrefaction due to the action of organised ferments are processes 

essentially different from 



ordinary ferment actions. 
Above all, Naegeli insists, 
and rightly, that the hypo- 
thetical ferment which the 
ferment-fungi and putrefac- 
tive fungi are supposed to 
excrete has not yet been 
extracted from the cells and 
described. On the con- 
trary, the cause which ef- 
fects the fermentation is 
inseparably connected with 
the substance, and indeed 
with the protoplasm of the 
living cells of the Fungus. 

‘ Fermentation by means 
of Fungi/ says Naegeli, ^only 
takes place in immediate 
contact with the protoplasm, 
and so far as its molecular 
action extends. If the or- 
ganism needs to affect 
chemical processes in areas 
and at distances where it 
is able to exert no power 
by means of the molecular 
forces of the living sub- 
stance, it excretes ferments. 
The latter are particularly 
effective in the cavities of 
the animal body, in the 
water in which Fungi live, 
and in vegetable cells poor 


¥IG, 237.— Seedling of the Gourd, w primary root; nn lateral roots ; d hypocotyl ; 
f cotyledons. At this time the cotyledons contain starch and sugar in addition to 
much fat: the same is also the case in the hypocotyl, less so in the root. The hypo- 
cotyl and root also contain fatty oil derived from the cotyledons. 


in protoplasm. It is even 
very questionable whether 
the organism ever forms 


ferments which shall be ac- 


tive within the protoplasm; since here it does not require them, much more energetic 
means for chemical action being at its disposal in the molecular forces of the living 
substance itself.'’ 

I find with Naegeli a further particularly, striking point of difference in the fact 
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, that (apart from split-ferments such as Emulsin and Myrosm) the plastic, matters are 
transferred by the action of unorganised ferments from the passive into the active 
condition. Fermentation by means of Fungi has, as Naegeli insists, just the opposite 
character; its products are, without exception, less nutritious compounds, and it 
destroys especially the most nutritious substances. 

hThe contrast,’ says Naegeli, ' appears most striking in the case of carbo-hydrates 
and proteid substances. While the action of unorganised ferments produces from 
them glucoses and peptones, fermentation by means of Fungi breaks up these com- 
pounds into alcohol, mannite, lactic-acid, and into Leucin, Tyrosin, &C.,— in some 
cases several fermentations follow one another ; their products then become less 
nutritious step by step. We may say, generally, that the Yeast-fungi render the 
medium in which they occur chemically less suitable for nutrition by every process of 
fermentation which they effect.'’ 

In fermentation .by means of unorganised ferments the chemical transformation 
proceeds smoothly and completely : dextrin is entirely transformed into grape-sugar, 
cane-sugar entirely into inverted sugar, and albuminates entirely into peptones. In the 
alcoholic fermentation, on the other hand, the products of which alone have hitherto 
been quantitatively determined, only the greater part of the sugar is broken up into 
alcohol and carbon dioxide, while, according to Pasteur, about 5<^/o of the sugar is 
decomposed by the way into glycerine, succinic acid, and carbon- dioxide. It is like- 
wise certain that in the lactic acid fermentation, not all the sugar is decomposed 
into lactic acid. Carbon dioxide especially appears to be a by-product of all fermen- 
tations, due to the action of Fungi and of ail putrefactive processes., 

The alleged difference between fermentation by means of unorganised ferments 
and that due to the action of Fungi would be unintelligible if both processes were due 
to the same cause. Every difficulty vanishes, on the other hand, if fermentation 
by means of Fungi is caused, not by a contact substance (ferment), but by living pro- 
toplasm. We then apprehend that while the ferment as a simple chemical compound 
alters another chemical compound in a simple and equable manner so that all mole- 
cules suffer the same kind of decomposition, an organised substance with its various 
molecular movements and molecular forces produces more complicated decompo- 
sitions. 

In this connection, Naegeli brings forward the fact that, as already remarked 
above, the effects of proper ferment actions are also produced by acids, alkalies, and 
even by water, especially at higher temperatures : the fact is quite otherwise with the 
fermentations which are due exclusively to living Fungi. Naegeli puts his view of 
fermentation due to organisms as opposed to that produced by unorganised ferments 
in the following statement : — 

‘ Fermentation is therefore the transference of the movements of the m.ole- 
cules, atomic groups, and atoms of various compounds composing living protoplasm 
(which remain chemically unaltered in the process) to the fermentable material, by 
which means the equilibrium between its molecules is destroyed, and it is broken up. 

The older theory of fermentation, which classes it wdth the action of unorganised 
ferments, has to assume that the various fermentations are effected by just as many 
ferments in the Fungi producing them ; whereas Naegeli’s theory seeks to explain the 
difference between the fermentations as due to the different internal organisation of 
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^ the protoplasm of the Fungi which produce them. So much for genera! guidance as 
to the unorganised ferments and their dijfferences from the exciting agents in alcoholic 
and similar fermentations. 

Coming now to speak of the hitherto entirely unexplained dormant periods of 
plants, in connection with what has been said with respect to ferments, it may appear 
at first sight that no conceivable connection exists. I also by no means wish to 
maintain that the view which I propose here is sufficiently proved, though I do 
maintain that it opens up for us in the meantime a way to further investigation 
of one of the most general phenomena of plant life. 

Even under the most favourable conditions of vegetation, dormant periods 
occur in the course of the life of the plant. Under circumstances when the plant 
would be in a condition to grow most vigorously, because it is provided with reserve- 
materials, and water and oxygen are at its disposal, and a sufficiently high tem- 
perature might be expected to caH forth the internal movements, every externally 
perceptible vital motion nevertheless ceases, and it is only after some months of rest that 
the growth commences anew, and this frequently under circumstances which appear 
far less favourable — especially at a conspicuously lower temperature. This periodic 
alternation of vegetative activity and rest, is in general so regulated that for a given 
species of plant both occur at definite times of the year, leading to the inference that 
the periodicity only depends upon the alternation of the seasons, and therefore chiefly 
upon that of temperature and moisture. . Without wishing to deny the co-operation 
of these factors, a closer consideration shows however that this matter must depend 
chiefly upon changes which take place in the resting plant, independently of external 
influences, or only indirectly affected by them. To render the facts in question 
intelligible to the reader, however, I will in the first place select from the enormous 
mass of material a few well-known examples. 

T4}e leaf-shoot and flowers contained in the bulb of the Crown Imperial com- 
mence to grow vigorously in the spring time with us, even at the beginning or 
middle of March, when the soil in which the bulb has passed the winter possesses a 
temperature of 6-io° C . ; the leaf-shoots protrude forcibly from the cold earth to grow 
vigorously in the but slightly warmer air. There would be but little to surprise us 
in this if we did not at the same time notice the fact that a new leaf-shoot is already 
formed in embryo in the subterranean bulb in April and May: this shoot, however, 
does not grow to any extent in the warm soil during the summer and autumn. On 
the contrary, this favourable period of vegetation passes by, until at the end of the 
wdnter an inconsiderable rise of temperature above the freezing-point suffices to in- 
duce vigorous growth; and, as is well known, the same is the case wdth most 
bulbous and tuberous plants, many of which, as the Meadow Saffron, possess two 
active periods, the flowers developing in the late autumn and the foliage-leaves 
belonging to them only in the next spring. The best known examples, how^ever, 
are afforded by the common potato and the kitchen onion. I have many times 
attempted to induce the tubers and bulbs ripened m the autumn to put forth their 
germinal shoots during November, December, and January, by laying them in moist, 
warm, loose soil; but in the case of the potato as w’^ell as in that of the kitchen onion, 
no trace of germination appeared. If, on the other hand, the attempt is repeated 
in February, or still better in March, the germinal buds begin to grow vigorously 
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even in a few days. At this time of the year,' indeed, it does not even require 
a favourably high temperature and an external supply of water : the shoots begin 
to deveiope at much lower temperatures, and this, even when the potatoes and bulbs 
do not receive the addition of water from without Not only so, they will put 
forth germinal shoots when suspended in dry air and shrivelled up by the loss of 
water. It is evident that some internal change must have taken place in the tubers 
and bulbs during the winter months when it is impossible to bring them into activity 
from their state of rest, since no such change is perceptible extemalij, and the 
behaviour described appears inexplicable otherwise. 

The. behaviour of the Water-nut, the fruit of Trapa na/ans, is perhaps still 
more striking. If at the end of August, or in September, when they are ripe, 
one of these is placed in a glass full of water, no germination occurs either 
during the autumn or winter, even in a chamber where the water is constantly at 
i5-2o°C. ; but in March or April germination begins although the water is at 
a temperature of only 8~io‘^C. The most striking examples of periodic rest 
and activity are probably afforded however by the majority of woody plants, 

: especially those which produce winter-buds clothed with scales, such as the Horse- 

chestnut, ordinary fruit-trees, and species of and Ah’es, As soon as this 

year’s foliage and flower-shoots have become unfolded in the spring from the winter- 
buds of the previous year, the wdnter-buds for the next year are formed in embryo; 
the future shoots or even flowers deveiope slowly within the bud envelopes, but 
remain in an embryonic condition, and it is impossible by any means to cause these 
embryonic shoots to deveiope in the autumn or the beginning of winter. On the 
Other hand, they deveiope in January, or better in February, if branches furnished 
with buds are cut off and allowed to stand in water in an ordinary warm dwelling- 
room — i. e. at a temperature of about 15-20° C. The winter-buds of traces thus 
behave just like subterranean bulbs and tubers. 

It is by no means to be denied that in many of these cases, especially in those of 
the winter-buds of trees, some bulbs (Hyacinthus^ Crocus), etc., a considerable time 
is necessary in order that the embryonic rudiments of the leaf-shoots and flowers 
within their envelopes may be first so far prepared by slow growth that they are 
suited for rapid development subsequently. The decisive point certainly does not 
lie in this, however, as may be seen in the behaviour of the Water-nut. We find 
the most evident and instructive cases with reference to the question here alone 
concerned, however, in the spores of many Cryptogams. The majority of the 
spores of Algse and Fungi, especially those produced by sexual fertilisation, 
are distinguished as "resting spores,^ because after their formation in the spring 
or summer they remain dormant for 8-10 months, either in water or dry, without 
germinating, whereupon they then put forth their germinal shoots at a lower tem- 
perature in the following spring. This peculiarity of resting spores is so much 
the more striking since many of these plants produce simultaneously or previously other 
forms of spores, which are capable of germination immediately after their origin. 
As examples may be mentioned the zygospores of the Mucorini, which require 
rest, and the conidia of the same fungus which can germinate at any time, 

’ It appears certain that the internal changes which take place in the resting 
tubers, bulbs, buds, and spores, during the long pause, are promoted, in many cases 
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at least, by a not too excessive drying-up. Numerous experiments with Algse and 
Fungi show that by means of desiccation (which must not be carried too far however) 
the dormant period can be shortened in many cases, and some observations not yet 
sufficiently confirmed allow of the conclusion that even in the winter-buds of trees 
something of the same kind occurs. But in all cases where the resting spores, or in 
Phaneroganas the seeds, as those of Trapa, go through their dormant period at 
the bottom of deep water, we cannot speak of the co-operation of desiccation. All 
this appears to indicate rather that in every case it depends upon chemical changes 
in the dormant parts of the plant; changes which proceed only extremely slowly, and 
generally require months for their completion. These chemical changes* do not 
affect the proper reserve-materials as such, however, or at least not throughout their 
mass, as follows from the fact that in potato tubers, which have been so very 
frequently investigated, no striking difference has ever yet been found in the 
chemical composition in the autumn, before the dormant period, arid in the spring 
following it. In the same way the numerous observers have perceived no changes 
which immediately affect the reserve-materials in the Algge and Fungi. 

On the contrary, all vigorous chemical changes only appear at the commence- 
ment of germination, and we know already that these changes of the reserve- 
materials are in great part effected by means of ferments. From these considera- 
tions I come to the conclusion that, in the case of dormant periods, it may be a 
matter of a very slow production of ferments, which are formed in the buds capable of 
growth; and that the possibility of putting the existing reserve-materials into the active 
state in which they are directly suitable for the requirements of growth, only appears 
when they have been produced in sufficient quantity. That this production of 
ferments may be in its turn favoured by various external circumstances during the 
dormant periods — e. g. in many cases by desiccation or the cold of winter — is not to 
be denied. On the other hand, in cases where spores, buds, tubers, and seeds are 
capable of germination immediately after their production, it may be assumed that 
they take up the necessary quantity of ferments or similarly effective matters at the 
time of. their origin, from the mother-plant. 

Since at the present time the attention of vegetable physiologists is being 
directed towards ferments, it is to be hoped that researches will not be wanting to 
confirm or contradict the hypothesis here put forth. In any case the periodic 
alternation of rest and vegetative activity, as one of the most general phenomena in 
the life of the plant, is worthy of greater attention than has hitherto been accorded 
to ith.. . 


^ Pfeffer has collected the literature on the annual periods of vegetation in his ^ PJlanzen* 
physiologies io6, &:c. 
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PASSAGE OF THE PLASTIC MATERIALS THROUGH THE TISSUES. 


That the materials serving for the construction of the organs must travel in the 
growing and assimilating plant over distances more or less extensive, results as a 
necessary consequence from all the facts hitherto stated. Growth takes place at the 
apices of the roots on the one hand, and in and beneath the buds on the other, and 
plastic substances are of course employed there : at the time of germination they are 
contained in the reservoirs of reserve-materials, and must travel from thence to the 
places mentioned. In fully-grown plants with assimilating foliage leaves, the latter 
behave like reservoirs of reserve-materials; the plastic substances necessary for the 
growth of the buds and of the distant roots pass out from them. That the 
path which individual molecules of starch and sugar and the substances forming 
protoplasm pass over may, under certain circumstances, be very long, is obvious 
on reflecting that the materials of which the subterranean roots of a tree (e. g. a 
Palm) 20 metres high are formed, have been originally produced in the crown of 
leaves, 20 metres or more distant from the roots. 

But it is also easy to convince ourselves of this fact experimentally. If, for 
instance, the bud at the end of a well-developed Gourd plant is directed through 
a narrow hole into the dark cavity of a wooden box, as in Fig. 238, it is obvious 
that all those materials which are now employed in the growth of the parts in 
the dark must necessarily have been derived from the leaves which assimilate 
under the influence of light outside the box. The figure represents a definite, 
observed case. The Gourd plant made use of in the experiment already possessed 
thirteen large leaves on its main stem, the total assimilating area of which amounted 
to about 1*5 square metres when, on the 25th of July, 1881, the terminal bud of the 
stem was directed at d into the box AT, All the buds and leaf-shoots in the axils of 
the leaves had been previously cut away, in order that all the products of assimilation 
of the thirteen leaves should pass into the bud which -was now in the dark. Inside the 
box, which was about two metres high, one metre broad, and one metre long, there 
developed, in the course of the next four or five weeks, an extremely vigorous system 
of etiolated shoots, with white stems and leaf-stalks, and yellow leaves. On the ist 
of September, that is, after five weeks, the terminal bud of the etiolated main stem 
was conducted to the exterior through a hole e in the roof of the box ; and the shoot 
which had grown in the dark inside the box, and which possessed structural peculiarities 
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accordingly, now developed further in the light. The whole of the part C, up to 
the 7th of October, was about 9.5 cm. long, and possessed eight fine green leaves ; 
all the organs, flowers, tendrils, etc. being normal in structure. In the meantime, 
however, from a small flower«bud which had been conducted into the box with the 



Fig. 238.--A Gourd plant, the main shoot of which was first developed in the dark space, 
and subsequently again led to the exterior above (cf. the text). 


rest on the 25th of July, a Gourd fruit had been formed by the artificial impregna- 
tion, of the flower subsequently developed: on the 8th of October this fruit possessed 
a circumference of 59 cm., and weighed about 3 kilograms, and contained 195 
seeds, a third of which were shown to be capable of germination. It is evident that 
all the substances which had served for the construction of the organs in the dark 
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had been conveyed , from the organs outside the box to the etiolated shoot inside: 
the necessary water and ash ingredients coming, from the roots, and the organic: 
substance from. the green le,aves. ■ The fruit alone contained about 250 grams of 
organic substance, and if we assign to the other etiolated organs in the box— 'tlie 
shoot-axes, leaves and tendrils— the very slight value of 50 grams of organic sub- 
stance, we have about 300 grams of organic substance, conveyed in the course of 
seventy-four days from the green leaves into the parts growing in the dark. Up 
to the ist of September the substance was provided exclusively by the thirteen leaves 
situated outside the box, and they possessed an assimilating surface of 1*5 sq. metres. 
The shoots which subsequently grew out, beyond the roof of the box, were able to build 
up their constructive matters themselves; only the w-ater and mineral matters had to 
be conveyed to them from the roots through a distance of 4-5 metres. If we had 
made our experiment with the difference that, after conducting the bud into the box, 
all the leaves outside were cut away, or themselves placed in darkness in the same 
way, the bud would then have grown in the box for a few days longer, and then ati 
the parts in the dark would have perished. The incidental abnormalities of the 
organs developed in the dark come no further into consideration here. If during the 
period of vegetation, however, we had investigated the etiolated organs in the box 
micro-chemically, we should have found sugar and starch-grains in the parenchyma of 
the shoot-axes and petioles, proteinaceous matters in the sieve-tubes of the vascular 
bundles, protoplasm in all the cells, and etiolated yellow chlorophyll-grains in the 
yellow leaves k 

If we now enquire as to the forms of tissue^ in which the plastic substances from 
the reservoirs of reserve-materials are conveyed to the growing parts, the answer may 
be given generally that the albuminous matters move in the phloem of the vascular 
bundles, while starch, sugar and fats, and the nitrogenous substance asparagin, 
belonging to the protoplasm-formers^ are conveyed in the parenchymatous tissues of 
the shoot-axes, petioles, roots, etc. The materials mentioned may be recognised at 
all times on these routes, so long as the conditions for so doing exist — i. e. if it is 
observed whence the matters in question come, and where they are made use of. 
Apart from a few special cases, it is shown that every portion of an organ about to 
begin to grow vigorously, becomes in the first place filled with proteid matters (or 
asparagin), and with fine-grained starch and sugar, which are conveyed to it from, 
the reservoirs of reserve-materials, or from the assimilating leaves. Then, when any 
particular part of a root, shoot-axis, or leaf, etc. is fully developed, the materials 
become used up and disappear, * \ ^ ^ 

It is not to be forgotten here, however, that by means of growth itself, the 
organs already developed come to lie between those parts which supply the materials 


^ With respect to the behaviour of plants in the dark, cf. my treatises * Vber den Einfiuss des 
Tageslichtes auf Neubildungund Mntfalfungverschiedener PJtanzenorgane^ (Bot. Zeitg. 1863), and 
^ Die Wirkung des Lie hies auf die Bliithenbildung unter Vermittlung der Laubbtdtter (Bot. Zeitg. 
1865, No. 15, &c.). . , ^ 

^ My first publications directed against the old theory of the descending sap are, c/be.^ die 
Leitung plastischer Stoffe durch verschiedene Gewebeformenl ’Slox^^ 1863 (p. 33), and the chapter on 
the translocation of plastic substances in my * ExpeHmental-physiologie (1865, p. 374 ^ where the 
older literature is also cited. 
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and those where they are made use of; so that with the progressive growth of the 
shoot-axes and roots^ the distance through parts already fully grown which the forma- 
tive substances must traverse on their way to the parts which are growing and which 



Fig. 339. —Diagram of a dicotyledonous plant. I young embryo in the seed; JI the same somewhat older ; 

III the plant after the conclusion of germination when commencing to assimilate independently. The black 
portions indicate the growing points, containing chiefly proteid materials; the grey ones are the parts which 
are elongatingj^where the proteid matters are less abundant, but into which starch and sugar have passed to be 
employed in growth. The parts left white are fully grown ; and c and d are carrying on the function of 
assimilation. 

make use of them becomes greater and greater. Figure 239 may serve to 
illustrate this, since it represents diagrammatically the distribution of the states of 
growth of a young Dicotyledon* All the organs already fully developed, and 
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therefore no longer growing, are simply in outline and not shaded ; those wliicli 
are actively growing are shaded; and the very slowly developing growing points 
are represented black. Let us now assume that this diagramniatic plant has 
completed its germination, and is already nourishing itself by means of assimila- 
tion. The fully developed cotyledons c, which we suppose to contain chloroplnlL 
and the fully developed leaf <5, do duty as organs of assimilation. From these 
the products .of assimilation and metabolism have to travel on the one hand down 
to the roots ge/ w' and also, and to a still greater extent, up to the young 
parts of the shoot which are shaded dark. It is at once seen that between the 
places where the consumption of material occurs, and the organs of assimilation, 
parts are intercalated which are no longer growing, and thus do not use up the 
materials. Nevertheless the plastic substances must travel through these fully de- 
veloped parts to the (darkly shaded) growing portions. This takes place, so far 
as the albuminous matters are concerned, in the phloem of the vascular bundles 
which are indicated in the figure : starch, sugar, and asparagin, on the contrary, 
travel in the layers of parenchyma, and, as micro-chemical investigations show, 
chiefly in those layers which immediately surround the vascular bundles. This refers 
especially to the transitory starch, as to the movement of which a few words more 
may be added here. Where a young organ commences to grow, its small paren- 
chyma-cells become filled with fine-grained starch, and then sugar appears in ad- 
dition. As the _ part goes on growing, the starch and sugar increase ; they being 
Supplied in quantities greater than those consumed. Subsequently, the relation is re- 
versed, and more is consunled than is supplied, and when the organ in question is 
fully developed, the starch and sugar have disappeared. This takes place not 
only when the supply of food is derived from the starch-forming organs of assimi- 
lation, or from reservoirs of reserve-materials abounding in starch, but also when the 
reservoirs of reserve-materials previously contained no starch at all, but cane-sugar 
as in the root of the Beet, inulin as in the tubers of the Dahlia, or even fat as in 
most germinating seeds, or, finally, cellulose as in the Date. In a word, apart 
from rarer cases of plants in which the formation of starch is almost entirely 
suppressed, as in the common Onion, the various kinds of substances which 
form cell- walls, before they are directly made use of in growth, are at least in part 
transformed into starch, which is then only used up directly as the cell- walls de- 
velope. We have as yet no satisfactory explanation of this remarkable fact. Although 
no doubt whatever now exists that the starch which enters the young parts of the 
growing §hoot (in a germinating Oak for instance, or the bulb of a Tulip just putting 
forth shoots), and which at first increases but then always disappears at the conclusion 
of the growth of the part, is derived from the starch contained in the reservoirs of 
reserve-materials — the cotyledons or bulb-scales; nevertheless it is likewise certain, 
on the other hand, that these small starch-granules are for and by themselves im- 
movable, and that no single starch-granule is itself in the act of travelling. I’his 
follows, on the one hand, from the fact that the transitory starch which has passed 
into the growing parts consists of very small granules, whereas that in the reservoirs 
of reserve-materials is large-grained and dififerent in shape ; moreover it would 
be quite impossible for solid starch-grains to pass through the closed cell- walls of the 
parenchyma, while the necessary moving . forces would also be wanting. When in 
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spite of this we speak of a translocation of the starch, an assumption is necessary in 
the first place to complete the direct observation. This is in general to the 
effect that the wandering starch undergoes continual solution and re-formation 
progressively from cell to cell. In this the activity of Schimper’s starch-forming 
corpuscles co-operates in the cells in question, or, in the younger portions, the change 

is effected by the protoplasm itself. It is 
not necessary to enter more into detail 
respecting this problem, however, it being 
only intended to do away with a possible 
error which might arise from the use of the 
expression ^ transitory starch.' Perhaps 
a similar assumption is also to be made 
respecting the translocation of fat in the 
closed parenchyma. Within the parts of 
the shoot-axes, petioles, and leaf-veins 
which are already fully developed, the 
starch, then, passes from the reservoirs of 
reserve-materials or organs of assimilation 
to the growing parts, chiefly or exclusively 
in that layer of parenchyma which imme- 
diately surrounds the vascular bundle, or, 
in many Dicotyledons, separates all the 
leaf- traces in the shoot-axis from the Gor- 
tex as a closed layer. This is the layer 
which we have previously learnt to know 
as the endodermis, and which, on account 
of this very function, I introduced into 
physiology long ago as the starch-bearing 
layer. If a more extensive movement of 
starch occurs, it takes place • also in the 
external layers of the pith, internal to the 
vascular bundles; and, in the case of a 
■very vigorous transport of starch, as when 
the leaves of trees are being emptied in 
the autumn, even the phloem of the vas- 
cular bundles may take part in it. 

In the growing points themselves, i. e. 
in the extremely small-celled tissue of the 
apices of the roots and shoot-axes, I have 
never succeeded in detecting transitory 
starch or sugar. Both appear in these cells only when they pass over from the 
embryonal stage into that of extension — of more rapid growth — and as soon as 
intercellular spaces arise in the young parenchyma. The extremely small quantity 
of cell-wall forming substance which is made use of in the embryonal tissue of the 
growing point is in accordance with this. In the growing point itself growth is ex- 
ceedingly slow, the developing cell-walls immeasurably thin, and the embryonal tissue 



Fig. 240. — Longitudinal section of a germinating bulb of 
Tidtpa pracax. h brown membrane enveloping the bulb ; 
k the discoid portion of the stem of the bulb, which supports 
the bulb-scales sh, sh ; si the elongated portion of the stem bear- 
ing the foliage leaves V V, and passing above into the terminal 
flower ; c ovary, a anthers, p perianth ; 2 a lateral bud (young 
bulb) in the axil of the youngest bulb-scale ; ^ the apex of the 
first leaf of this lateral bud. This bud becomes the bulb of 
next year, v) the roots which arise on the fibro-vascular strands 
of the discoid stem. 
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itself deBsely filled with proteid substances, in whiGli the extremely siiiail quaiitily 
of cell-wall forming substance eludes direct recognition. 

So far as we are informed with respect to the corresponding matters in trees and 
other woody plants, the movements referred to take place 'here also practically 
along the paths indicated, though wdth some slight modifications. Here, however, 
the additional fact comes into consideration that the parenchymatous tissue 
system extends also into the wood ; from the cortex the horizontal medullary rays 
lead directly into the interior of the compact mass of wood, and the wood paren- 
chyma distributed between the proper wood-fibres and vessels is proved to be In 
continuity with them, so that medullary rays and wood-parenchyma may be regarded 
to a certain extent as fine ramifications of the cortical parenchyma, by means of 
which it extends into the compact mass of 
wood. Accordingly, during the vegetative 
period this parenchymatous part of the 
wood also becomes filled -with reserve- 
materials ; chiefly, and usually in our trees, 

■with starch, in some cases also with other 
cell-wall forming substances — in the North 
American Sugar-maple for example with 
cane-sugar. That these reserve-materials 
stored up in the wood are dissolved when 
the buds are put forth in spring, and 
carried a-w^ay and used up in growth, fol- 
lows from their disappearance at that time; 
this proceeds from the thinner bud-bearing 
twigs to the older branches, and then 
into the stem, as stated some time ago 
by Theodore Hartig. This distinguished 
observer found also that when in the 
spring a ring of cortical tissue is taken from 
the stem, and the whole of the ordinary 
conducting organs thus interrupted, the 
tree nevertheless puts forth shoots, and 
makes use of the starch deposited in the . 

* tains the inflorescence iJ. 

w’-ood parenchyma beneath the annular 

wound in the process, whence it follows that this starch can be conveyed through 
the wood parenchyma itself. It is easy to demonstrate by micro-chemical investiga- 
tions as well as by simple experiments^ that the buds of trees behave exactly like 
the germinal shoots of tubers, bulbs, and seeds, with respect to the phenomena here 
spoken of. 

I have hitherto taken into consideration only the vegetative organs — roots and 
shoots. That exactly the same principles hold good for the nutrition of flowers and 
fruits, so far as the employment and the travelling of plastic substances in growth are 
concerned, is a fact of which I afforded a series of detailed proofs in my researches 



* See note 2 , p. 355* 
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cited at the beginning^; and the very configuration of the parts of the fruit and 
seed allows in many cases the relations between plastic matters and growth to be 
perceived particularly clearly. I must here omit the detailed enumeration of these 
matters, only finding space for the remark that the materials for growth conveyed 
to the flowers and young fruits are obviously carried, in green plants which possess 
foliage at the same time, from the assimilating leaves through the flower-stalks. 
Nevertheless, the shooting of Tulip and Hyacinth bulbs in spring shows that even 
in the reservoirs of reserve-materials substances serving for the formation of flowers 
may be stored up; and the same is true of ordinary fruit-trees, Horse-chestnuts, 
etc., the flowers of which unfold in the spring before or simultaneously with the 
appearance of the green leaves, employing for that purpose the plastic materials 
reserved in the wood and cortex. 

We now come to the further question, by means of what mechanical arrange- 
ments are the materials put in motion at the time of growth ? It is simply a matter of 
the transport of particles the inertia of which has to be overcome, and which must be 
set in motion by particular forces. Here again, however, the facts are not so simple 
that they can be rendered clear in a few words. At any rate two essentially different 
mechanical processes have to be distinguished from one another, inasmuch as under 
certain circumstances pressure is able to effect the normal movements of material, 
though of course as a rule it is the forces of diffusion which are in play. 

Regarding in the first place those phenomena where pressure comes into con- 
sideration as the cause of movement, the sieve-tubes and laticiferous vessels may 
first be mentioned. 

The albuminous substances contained in the sieve-tubes are but little suited for 
movements of diffusion, hence the transverse and longitudinal walls of the sieve-tubes 
are provided with fine perforations, and there is no doubt whatever that though these 
pores are so extremely fine, very considerable quantities of these substances can be forced 
‘ through them by pressure. If a fresh stem of the Gourd plant, or other very suc- 
culent shrub, is cut across, the alkaline contents of the phloem-bundles exude in the 
form of drops which slowly increase in size, it may be till they become as large as a pea, 
and then (at least in the Cucurbitaceae) coagulate. Now it is clear that these relatively 
large masses of albuminous substance could not possibly be contained in the segments 
of the sieve-tubes which have been incidentally cut across, but that the contents of 
■sieve- tubes far distant from the section must here come into view. Taking into 
account the anatomical constitution of the sieve-tubes, this exudation of the contents 
is only possible by means of some relatively strong pressure, which must be exerted 
on their walls. Such a pressure actually exists, moreover ; it is brought about by the 
turgescence of the succulent parenchyma, which strives to extend in all directions. 
In exactly the same manner as the epidermis in a living shoot is passively distended 
by the succulent parenchyma (as described in Lecture XII), so also must the soft- 
walled sieve-tubes be compressed by the parenchyma. Of course so long as they 
are filled with fluid, in the intact plant, this supports the pressure of the parenchyma, 


^ Details as to the behaviour of the matters forming the cell-wall in fruits are found in my 
treatise, ^ tJber die Stoffe^ wekhe das Material %ur Bildung der Zellhduie liefei'Uy in Jahrb. fiir wiss. 
Hot. (1863, pp. 370, &c.). 
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.since there is no passage for it to escape. Iij. the neighbourhood of the growing buds, 
however, the tension of the tissue is much smaller, and the pressure of the paren- 
chyma on the young sieve-tubes there situated feebler, whence it follows that even 
in the intact plant the contents of the sieve-tubes are forced towards the !’>uds by the 
pressure of the parenchyma of older parts of the shoot, and this, in accordance with 
growth, need only take place slowly. It is not impossible that yet more special 
relations of organisation co-operate here ; and the emptying of the sieve-tubes, or, 
better, the dilution of their contents by water in older shoot-axes, and perhaps also 
the formation of the Callus (in trees, especially in the autumn), indicates something 
of the kind. Nevertheless, scarcely anything definite can at present be said ip this 
connection, 

With respect to the pressure of the surrounding parenchymatous tissues, the 
laticiferous vessels where they exist, are in the same position as the sieve-tubes. 
The simple fact that every wounding of a fresh turgescent plant which contains latex 
causes the immediate production of a thick drop of latex, and that in old, large 
specimens of succulent Euphorbias even streams of latex exude, and in a few 
seconds yield several cubic centimetres of liquid, alone suffices to demonstrate that the 
latex is extruded from w’ounds with great force. That this is not in any way a mere 
outflo'w, follows at once from the fact that after cutting across a milky stem, not only 
the lower cut surface of the apical portion but the upper one of the root-stock also 
extrudes the latex. Besides, the laticiferous vessels are extremely narrow capillary 
tubes, the normal terminations of which in the buds, leaves, and root-apices are 
closed ; how could fluid flow out at all on cutting such capillaries closed at the 
ends? It would scarcely have been worth while to introduce these self-evident 
reflections, were it not for the fact that even celebrated botanists have doubted the 
action of the pressure which I rendered evident so long ago as 1865 {Experimental- 
physiologie^ p. 386). The laticiferous vessels as well as the sieve-tubes behave in this 
connection exactly like the blood-vessels in the human body: when we wound our-^ 
selves the blood does not simply flow out, it is driven out. 

On now enquiring what significance this pressure, exerted from all sides on the 
laticiferous vessels, may possibly have in the economy of the plant, it is to be noticed 
that the pressure of the tissues diminishes in the neighbourhood of the growing buds 
and other young organs, and that therefore the stronger pressure of the parenchyma 
in the older succulent parts must drive the latex towards the younger growing parts; 
though this, of course, cannot be regarded as exhausting the mechanics of the subject. 
Nevertheless, we know at present no more than what has been said. However, 
that a continuous movement of latex from the older and especially the assimilating 
organs to the young growing parts also comes into consideration for the supply, 
of plastic substances, follows from the fact, confirmed by numerous observers, that 
larger or smaller quantities of proteid substances, fats, and carbo-hydrates (in the 

^ After Schiiltz-Schultzenstein had previously ascribed to the latex an unduly high significance 
for the life of the plant, and had at the same time connected with it the most confused errors, in a 
prize essay rewarded by the Parisian Academy, the importance of the latex was again far under- 
estimated by Hugo von Mohl in a critical reply. I led the way for the correct appreciation of the 
significance of latex and its receptacles for the nutrition of the plant in my Experimental 
physiologie'^ (1865, p. 386). 
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Eupborbiacese particularly starch-grains) are as a rule contained in the latex. 
Knowing how economical the plant is with these — its constructive materials — it will 
scarcely be assumed that these substances are contained in the laticiferous vessels for 
any other purpose than to be conveyed to the growing organs. Of course it is not 
to be forgotten that the laticiferous vessels contain at the same time considerable 
quantities of secretions — caoutchouc, resins, ethereal oils, alkaloids, etc. ; that is, 
substances not employed in growth but produced as bye-products. The presence of 
these substances in the laticiferous vessels by no means proves that the constructive 
materials likewise present are useless, however, any more than the presence of 
carbon dioxide and various products of the decomposition of the tissues in the veins 
of animals warrants us in regarding the useful constituents of their blood as useless. 
With this view, which I put forth in 1865, a series of experimental researches by 
Faivre ^ on I^zcus elastic Uy Morns alha^ and Tragopogon agree. Nevertheless, here 
again a rich field still lies open for experimental and microscopical investigation, and 
its fruitfulness is perhaps enhanced by the fact that very active peptonising ferments 
have already been discovered in the latex of some plants, e. g. Carica Papaya and 
Ficus Carica. 

The pressure of the tissues, as evinced by the outflow of fluids from wounds, is 
observable, however, not only in the case of sieve-tubes and laticiferous vessels: even 
the succulent turgid parenchyma itself exhibits an exactly similar phenomenon. Any 
transverse section made with a sharp knife through a succulent stem, or petiole, shows 
that far more sap exudes from the cut surface of the parenchyma than could have 
been contained in the few cells incidentally opened by the section: the greater part 
of this exuding sap is evidently pressed out from parenchyma cells some distance 
removed from the section. Elere, however, the fact is not so simple as in the case 
of the sieve-tubes, since it depends upon the exudation of sap from closed living 
parenchyma cells, where the expressed fluid must filter, not only through the cell- 
walls, but, what is more, through their protoplasmic linings, the pressure evidently 
being afforded by the strong turgescence of the parenchyma cells themselves. 
However profitable it might be to enter more in detail into this remarkable phe- 
nomenon and its consequences, the mere mention of them must suffice here. • 

We have to seek the most general cause of the movements of the materials in 
plants, however, in diosmotic processes. These consist in the attraction between 
water and soluble substances, which in the case before us undergoes important modifi- 
cations from the fact that the processes in question must take place through cellulose 
walls which are clothed with living protoplasm. The most essential facts on this 
subject have already been mentioned (Lecture XII). Since space does not allow of 
our entering specially upon the mechanics of the diosmotic processes coming into 
consideration here, I must content myself with a few general remarks 

Every process of diffusion or of diosmosis between a living cell and its environ- 
ment must, sooner or later, if undisturbed, pass over into a certain condition of 

^ Cf. Faivre on Latex, ^Aftn.des Sc, Natl 1866, vol. vi (p. 33), and 1869, vol. x (p. 97), 

^ Comptes rendusi 1879 (P- 3 ^ 9 )? Pfeffer, * Pflanzenphysiologie'* (p. 325); Hansen, Sitzungsber, 
d.ph, med, Ges., Erlangen, 8 Nov. 1880. 

^ Witli regard to the theory of diosmosis I refer to the detailed account in Pfeffer’s ^ PJlanzen^ 
physiologies chap, ii, and Sachs’ * ExperimentaUpkysiologieS 1865 (pp. 157, &c.) 
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equilibrium, , in accordance . with the diosmotic conditions just given, and then all 
further movements of diffusion cease. If, for example, a cell is aide to take up sugar 
by endosmose from its environment, the absorption ceases so soon as an ccjiial crtn- 
centration occurs within and outside the ceil, or even earlier. If, however, the sugar 
which enters into the cell is made use of, to form starch for example, then so long 
as the formation of starch continues more sugar will be able continually to pass into 
the same cell; and it is obvious that the chemical metamorphosis of the diosmotic 
body here prevents the establishment of an equilibrium of diffusion, and contributes 
to the continual transport of larger quantities into the cell, which thus behaves towards 
its saccharine environment as a centre of attraction. Something very similar will 
happen if proteid-forming substances diffuse into a cell, and are there emplo)'ed in 
the formation of crystalloids. In like manner it is obvious that when starch-grains 
are transformed into sugar in a cell, and neighbouring cells take up the sugar by 
diosmosis, equilibrium can only be established when the formation of sugar ceases in 
the cell containing starch ; or, in other words, a cell in which a soluble substance 
arises behaves in diffusion as a centre of repulsion. 

This view may be also extended to whole aggregates of tissues and organs, 
and at the same time we obtain from it the reason \vhy chemical metamorphoses of 
the plastic matters are so generally connected with their transport. To give a few 
examples only. — Starch is assimilated in the leaves of the Beet: in the petioles it is 
found again in the form of glucose (i. e. a sugar which reduces cuprous oxide). This 
glucose now enters the growing and swelling root, and is transformed into cane-sugar 
in its parenchyma. As each particle of glucose, which evidently passes from the 
petioles and enters the root, is transformed into cane-sugar, it acts, accorcMng to the 
laws of diffusion, as if it had been annihilated, and so long as the transforma- 
tion of glucose into cane-sugar takes place in the root, fresh glucose can continually 
flow in. In this manner, in spite of the influx, the root goes on behaving like a 
body destitute of glucose, and acts on the product of assimilation of the leaves as a 
centre of attraction. The formation of starch in the growing tubers of the potato 
plant is another case in point ; here also the product of assimilation of the leaves 
is carried through the stem into the tubers in the form of glucose ; in these, however, 
it disappears as such, being employed for the formation of starch. An equilibrium 
of diffusion does not take place, therefore, so far as the glucose is concerned ; it 
streams continually into the tubers, because it is there continually being converted 
into starch. Chemical metamorphosis acts in the same way in the using up of 
reserve-materials in growing seedlings. If the reservoirs of reserve-materials contain 
cane-sugar, inulin, or fat, glucose arises in the seedlings at the commencement of 
growth, at the expense of these materials, and from this starch-grains, whicli are 
then Anally again dissolved and employed for the growth of cell-walls. To mention 
one other example only, the genetic relation between proteid substances and 
asparagin : in the reservoirs of reseiwe- materials proteid substances only are 
generally present; at the commencement of the growth of the seedling, however, a 
part at least of these is transformed into the easily soluble and diffusible asparagin, 
w’^hich now passes into the younger buds, and is again transformed into proteid 
substance. 

We may thus say, to put the matter simply, every growing pan of the plant 
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acts Oil the existing constructive materials as a centre of attraction ; every reservoir 
of reserve-materials, and every organ of assimilation, on the contrary, is passive 
towards a growing portion, or, it may be, behaves as a centre of repulsion. The 
stimulus to the movements of material, however, is always given by the growth of the 
young organs. The buds of a tree put forth shoots in the spring by no means because 
the nutritive sap enters into them, as people are in the habit of saying ; but exactly 
the reverse — the nutritive matters are set in motion because the buds begin to grow. 

All the considerations in this and the last lectures have chiefly had re- 
ference to the highly organised so-called vascular plants. But in a few words I will 
show that the essential points are true also for the simply organised Mosses and 



Algae, down to the most simple unicellular forms. We meet everywhere, even in 
these lower regions, with the same relations between the metabolism which occurs 
during growth, and assimilation: the storing-up of reserve-materials in perennial parts, 
e.g. in the tubers so common in true Mosses, and quite generally in the spores, 
which, although they consist only of single cells, behave in the main like seeds* 
Indeed, the germinating spore of a Moss or of an Alga affords us the simplest 
possible scheme for the process of germination described previously : under the eye 
of' the observer the reserve-materials disappear in proportion as they are used up 
for the growth of the germinal tubes, just as the reserve-materials in the plumules of 
the higher plants travel towards the growing ends of the organs, etc. 
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, In the leetures on physiological organography, I frequently mentioned the 
remarkable fact that non-cellular plants, such as the Siplionese among the Alga?, 
behave, so far as their external organisation and all biological matters connected 
therewith are, concerned, like ordinary cellular plants, and that the continually pro- 
gressive cell-formation of the latter implies no essential difference whatever as opposed 
to the processes of configuration of the non-cellular plants. This is confirmed anew 
on seeing how, in Caulerpa for instance, the part of the non-cellular vesicle which 
corresponds to the stem produces assimilating leaves containing chlorophyll, on the 
one hand, and rhizoids on the under side, on the other; and, so far as we are 
informed concerning the assimilation and metabolism, and the movements and meta- 
morphoses of material, and the relations between these and growth, essentially the 
same processes take place in this non-cellular vesicle (which is nevertheless externally 
and internally so sharply differentiated) as were found to occur in the most highly 
developed plants with their microscopic cellular structure. Eveiything, of course, 
becomes more and more simple the simpler the growth and mode of life generally 
assumed by the Alga. 
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THE ABSORPTION OF ORGANIC NUTRITIVE MATERIAL. PARA- 
SITES. COPROPHYTES (SAPROPHYTES). INSECTIVOROUS 
PLANTS. 

All that has hitherto been said on the ntatrition of plants has been with refer- 
ence immediately only to those which are provided with abundance of chlorophyll, 
and the land-plants provided with large transpiration surfaces were placed especially 
in the foreground as the typical chlorophyll-plants, in which all the chemical and 
mechanical processes of nutrition are called into play. As to the nutrition of these 
normal plants, two chief points were noticed: first, the formation of new organs 
takes place at the expense of the reserve-materials which have been produced by 
the mother-plant and stored up in the reservoirs of reserve-material ; after these 
materials have been consumed, or, as w^e may also say, at the conclusion of ger- 
mination, the second period of nutrition begins, the assimilation of organic plant- 
substance by the decomposition of the atmospheric carbon dioxide in the organs 
containing chlorophyll, under the influence of light. 

There are, however, numerous plants which are entirely devoid of chloro- 
phyll, or which possess so little of it that it is scarcely of any importance in 
nutrition. Since now the decomposition of carbon dioxide; and the resulting 
formation of organic plant-substance are effected exclusively by means of the chlo- 
rophyll, it follows at once that all the plants of this second section are incapable 
of exercising the nutritive activity which is characterised by assimilation. Plants 
devoid of chlorophyll exist during their \vhole life in a condition which cor- 
responds to the germination of normal plants : like the seedlings of seeds which 
contain endosperm, like the germinal shoots of tubers, bulbs and root-stocks, and like 
the unfolding winter-buds of trees, plants devoid of chlorophyll take up the whole of 
their food for the purpose of growth directly, in the form of organic compounds 
of already-formed vegetable substance. They do not produce organic compounds 
containing carbon, but they absorb them, and change them in accordance with the 
purposes of their own growth. 

On the w'-hole, it is practically the same whether the plants devoid of chlorophyll 
absorb their organic nutritive matters from other living plants or living animals, or 
whether they make use of the dead bodies of plants and animals or their dissolved 
constituents for their nutrition. In the first case they are distinguished as Parasites, in 


PARASITES And SAPROPiirTES. , 

the, second as Coprophytes or Saprophytes. ■ ■ The comparative insigni finance of tlii-. 
distinction, if the aim of nutrition is exclusively kept in view, is seen at once from the 
.fact that some .Fungi which are usually pa.rasttic can grow in artificiall}* prepared 
nutritive solutions— e. g. Agaricus melUus, Several species of Mucor again are able 
to obtain nutriment for their mycelium from the tissues of fresh Apples, although they 
..also flourish in, saccharine nutritive solutions, or in gelatine. The main fact is simply 
that plants devoid of chlorophyll are necessitated and are able to absorb their car- 
bonaceous substance from without in the form of organic compounds. This how- 
ever by no means excludes the fact that in general each individual species is met 
with in the natural course of things only as a parasite or only as a saproplpvte, and 
that very often the most capricious choice of nourishing substratum is exerted in the 
matter. Most parasites flourish only on perfectly definite species of other plants or 
animals; nay, many of them, particularly parasitic Fungi, can only enter into 
perfectly definite parts of their host-plant. Even saprophytes hit upon a careful 
choice of their substratum. It also happens, it is true, that certain parasites settle on 
the most various host-plants and some saprophytes inhabit any substratum whatever. 
It is evident that biological points here come into effect which are connected not 
directly and exclusively with nutrition, but with other physiological properties of the 
plant in addition. 

Although plants which contain very little or no chlorophyll are necessarily para- 
sites or saprophytes, it by no means follows that all parasites must be devoid of 
chlorophyll. I have already had occasion in Lecture III to mention the Loranthacese, 
which abound in chlorophyll and are nevertheless parasitic ; particularly the Miseltoe. 
In such cases the parasite really needs to absorb from the host-plant only water and 
mineral substances dissolved in it, though it is not excluded that certain organic 
compounds of the host-plant may possibly be indispensable to the parasite in very 
small quantities. Plants which contain chlorophyll also occur among the sapro- 
phytes, as Neoitia Nidus- avis, Corallorrhiza, etc. in the family of Orchidese S where at 
least the flowering-stems which project above the surface of the soil contain chloro- 
phyll, of course in quantities so small, and appearing so late in the life of the 
plant, that it comes into consideration for the total process of nutrition just as little 
as does the chlorophyll developed under the peel of a potato lying in the light for 
the development of the tuber. 

I have also already spoken in Lecture III of the parasitism of Thesium and 
Rhinanthus, These green-leafed plants develope a somewhat richly branched system 
of roots in the earth, single threads of which become united by means of small 
haustoria with the roots of neighbouring plants containing abundance of chlorophyll. 
It is not yet known, however, how far this partial parasitism is of importance for the 
life of these plants. 

The most remarkable case of supplementary nutrition in plants containing 
chlorophyll, by the absorption of organic substance, is offered, finally, by the 
so-called insectivorous or carnivorous plants, to which I shall return in detail 
further on. 

We will, first, once more regard the processes in parasites and saprophytes 
> Drude, ^ Die Biologie der Monotropa Hypopitys und Neottia' (Gottingen, 1873), pp- 32, 33 * 
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devoid of chlorophyll, as presenting the typical case of the absorption of organic 
substance. It is at once conspicuous that in the life of these plants it is by 
no means simply a matter of the want of chlorophyll, and the compensation 
of the chlorophyll-function by the absorption of organic substances ; on the 
contrary, the internal causal interdependence of all vital phenomena involves that 
the whole internal and external organisation of plants devoid of chlorophyll should 
deviate essentially from the normal. I have already, in Lectures III and V, 
referred in this sense to the organographical peculiarities of parasites and sapro- 
phytes, and laid special stress on the fact that with the absence of chlorophyll the 
presence of large transpiration surfaces would be superfluous, or even injurious, and 
that therefore plants devoid of chlorophyll possess no large leaves, and for the same' 
reason they form no true wood. Where plants devoid of chlorophyll tend to the 
formation of more vigorous vegetative and reproductive organs, these are never 
conspicuous for their superficial development, but, on the contrary, for their small 
superficies and relatively large mass. Nutrition by the absorption of organic 
substance thus reacts on the whole organisation of the plant. No single plant 
devoid of or containing but little chlorophyll possesses the ordinary habit, and least of 
all the large leaves and surface development and slender growth generally, of normal 
plants. This is so far the case that every one, even those unfamiliar with botanical 
matters, recognises in the parasites and saprophytes devoid of chlorophyll organisms 
of peculiar structure. No other biological condition effects a change in plants so 
deeply affecting the whole organisation as does the want of chlorophyll and the ab- 
sorption of organic substance. This goes so far that even the reproductive organs 
are influenced by it and degraded to a great extent : all plants devoid of chlorophyll, 
even when they are descended from highly organised types of Phanerogams, are 
remarkable for their exceedingly small, often almost microscopic seeds, and the 
embryos in these seeds often consist of only a few cells, and are not segmented 
externally. In the Rafllesiacese, Balanophorese, Orobanchaceae, and Ifonotrqpa, 
the embryos have no trace of radicle and plumule, and in the Cuscutese there is 
only a feeble indication of such. 

Parasitism, moreover, works not only to the degradation and alteration generally 
of the organisation of the parasite itself, but the living plants attacked by the parasite 
are altered by it. In the first place, it is clear that the withdrawal of a certain 
quantity of plant-substance, which the parasite puts in requisition for itself, must 
enfeeble the host-plant ; and in many cases this goes so far that the latter is prevented 
by feebleness from concluding its life in the normal manner. This is the case, for 
example, w^hen numerous specimens of Orohanche speciosa attach themselves to the 
roots of Vicia Fahia, In other cases, however, the effect on the host-plant goes 
further. The parasite induces phenomena of irritability on the part of the host-plant, 
bringing about vigorous local growth— for example, the active wood-formation and 
production of tuberous swellings in woody plants attacked by Viscum or Lor an-- 
thus Furopceus, and many Fungi inhabiting wood, cause the formation of resin in 
Conifers, and injure the latter in consequence (Robert Hartig). But even the normal 
processes of configuration of the host-plant may be rendered abnormal by parasites. 
For example, the ligneous bundles of the roots of the host on which Balanophora is 
parasitic grow into the tuberous vegetative body of the latter, and serve to a certain 
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extent as vascular bundles for the parasite. ■ Still more striking is the rnorpholoLdtal 
change suffered by the branches of Pine-trees infested by \he fungus yEruIium 
ElitiiftuM j these are known under the name of Witches Brooms, and an^ 
guished by a form of branching otherwise foreign to the lateral shoots of the Ik'ne, 
and their needle-like, leaves fall off like those of summer plants, to be renewed 
annually. Such a branch of the Pine attacked by the Fungus exists 011 the 
mother-branch in the form of a small deciduous Fir-tree, which may become 
ten years or more old (De Bary^). Euphorbia cyparissias^ so very com.mon in 
Germany, also has its whole habit altered by a Fungus {JEciimm) dwelling ii:i its 
tissues. 

No less remarkable is the chemical influence of many Fungi on their iiutritive 
substratum, in so far that they not only extract from it the material necessary for 
their nourishment, but, in addition, cause the destruction of organic substances 
quite unnecessarily, so to speak, and even to their own injury. The Fungus 
{Pkytophthora infesfans) which causes the potato disease, for instance, vegetates 
in the tissues of the Potato-shoot, in the first place in order to nourish itself: 
%vhen its fructification protrudes through the stomata of the shoot, however, a 
decomposition of the organic matters in the tissues of the latter is set up, which kills 
the Potato-shoot itself, and makes the further nutrition of the parasite impossible. 
In the same way, by the mycelium of Mucor Mucedo developing in a fresh Apple, the 
tissue of the fruit is not merely extracted for the nourishment of the Fungus, but is 
at the same time converted into a soft smeary mass, alcohol and ethereal oils being 
formed. The most striking of such cases are the decompositions of the media 
not directly serving for nutrition, by the ferment fungi (Yeast) and Bacteria \ 
while these Fungi take up from their substratum only exceeding small quantities 
of sugar and proteids for their own nourishment, they destroy enormous quantities of 
these substances by profound decompositions. Many fungi which kill trees by 
destroying the wood behave similarly. 

Regarding still further the ways and means by which these plants are 
connected with their substratum, we find conspicuous differences even in the case of 
parasites. In the first place, the parasite may, on the whole, exist and grow entirely 
external to the host-plant, only being placed in connection with its tissues by means of 
peculiar, relatively small organs, the so-called iaustoria, as is to be seen particularly 
clearly in the Cuscutese and in Thesium and Rhmanfhus : these haustoria are, as has 
already been showm in the organographical introduction, metamorphosed roots 
which penetrate into the tissues of the host-plant. According to circumstances, this 
metamorphosis is only inconsiderable, as in the Miselto, which abounds in chloro- 
phyll, and the whole root-system of which is contained in the host-plant; or the roots 
,are converted into haustoria and lose their typical character entirely, as has already 
been described in the case of Cuscuia, where the tissue of the haustoriuin breaks up 
within the host-plant into single filaments of cells. In saprophytes also, especially 
the Orchidese containing little or no chlorophyll, a degradation of the root-system 
makes itself evident, in that the roots remain short, are very thick, branch but little, 
and form either no root-cap at all or but a veij feeble one. 



^ De Bary, ^ Die Erscheinmtg der Symbiosei p. 37 (Slrasbiirg, 1879;. 
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An unusually simple and clear example of the penetration of the haustoria of 
the parasite into the host-plant is found in the case of the mould fungus Pipiocephalis 
Freseniana (Fig. 243). Both the parasite and the 3 f ucor macked by it are non- 
ceilular plants, consisting of simple tubular hyphae, various ramifications of which repre- 
sent the organs. The figure shows the mycelial tubes of the PiptocephaUs 
having become closely attached to the M, and put forth root-like haustoria 

into the interior of the latter, by 
means of which they absorb the 
protoplasm of the Mucor and 
transfer it to the parasite. 

In the form of haustoria the 
parasite only penetrates' the host- 
plant by means of a small part of its 
body. In the lectures on organo- 
graphy, however, I have already 
mentioned that under certain 
circumstances the whole of the 
vegetative body of a parasite may 
be developed inside the host-plant. 
In Fungi, e. g. the Peronosporeae, 
JEcidiomycetes, etc., this is a very 
common occurrence : only the 
mature reproductive organs—and 
even these not always — protrude 
outside the tissues of the host- 
plant Similar cases also occur, 
moreover, in Phanerogams which, 
as follows from the structure of 
their flowers, belong to highly- 
organised types. According to the 
remarkable investigations of Graf 
zu Solms-Laubach, this is the case 
especially in the Rafflesiaceae, 
where the whole of the vegeta- 
tive body is developed in the 
interior of the cortex and wood 
of its host-plant. In these plants {Rafflesia^ Prugmansm^ Pilosiyles^) parasitism 
has had a degrading influence to so great an extent, that not only is the whole 
vegetative body of the parasite enclosed in the tissues of the host-plant, and there 
dispenses with any differentiation whatever into root and shoot, only consisting 
in fact of growths of tissue between the tissues of the host-plant, but even the 
flower-buds are formed in the interior of the host, only bursting through its cortex 
and appearing in the open at the very last In the case of Pzlostyles, investigated 
with particular care by Graf Solms-Laubach, and which dwells in the foliage shoots 


^ Graf zu Solms-Laubach, BoL Zeitg,^ 1874 (Nos. 4 and 5) and 1876 (p. 449). 



Fig. z^^—Piftocephalis Fresetiiana {after Brefeld)1> JI/ a portion 
of tlie mycelium of Mtccor Mu cedo from -wliich the mycelium nini of 
the PiptocephaUs obtains its nourishment; h haustoria which have 
penetrated the Mncor filani.ents; c conidiuphore ; ss the two con* 
jugating mycelial branches which form the zygospore Z. 


ENDOPHTTfC PARAS-irF..y. .lyi 

of species of Astragalus (Papilionaceae of Asia Jlinor), the cniiic \cii,'c‘uUive li.'iix' 
consists indeed of single, jointed cell-filaments, which this investigator terms simi.i'y 
mycelium. He follows this up into 'the growing-point of ilie host-plant, and shows 
how, out of this vegetative body, in the tissue of the leaf-base of the host, cuslikin- 
like swellings arise, from which the flower-buds of the parasite develop, and which 
finally protrude right and left out of the base of the leaf. 

It has been mentioned above that many Fungi c<jnip!eto their vegetative 
development entirely in the interior of their host-plants (and animals), finally 
putting forth only their fructifications to the exterior. In this class of plants, 
so remarkable also in other respects, we meet however with exact!}- the ojiposiU; 



Fig. 244.— Tissues of the root of a Ctsms in which the vo'getative body Ai> uf a Isa-, 

penetrated. Transverse section—highly magnified (after Graf Sol!ns>l,;uiLacii), 

extreme, namely, that the host-plant is entirely enclosed within the parasite — tliat the 
parasitic Fungus grows around the Alga which nourishes it on all sides, so that 
Fungus and Alga together constitute in a certain sense a single mass consisting of 
two forms of tissue, of colourless fungal tissue and of green algal cells. This is the 
case in the Lichens. 

If we now cast a short glance at the saprophytes, we find the ordinary case 
among the Phanerogamic species to be that the plant, after germination, developes 
within the nourishing substratum (mostly loose humus), while its vegetative body 
dissolves and absorbs the vegetable remains enveloping it. Only after prolonged 
nourishment and invigoration of the plant does the saprophyte send up flowering 
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shoots above the surface. This is the case with Neottia, Epipogon, Cor allorrkiza, 
and Momtropa; and it is stiM to be remarked that in the case of Corallorrhiza 
the vegetative body lying in the humus is a 'rootless, branched shoot, while in 
Monoiropa, on the other hand, it is, according to Kamiensky, at first a shootless, 
branched root-system, out of %Yhich the flowering shoots spring later, like the fructifica- 
tion from a mycelium. 

With respect to the nutritive processes in.question here, only very little is known, 
however, in the case of parasitic Phanerogams. In the first place, so much is at any 
rate established, that they are not able to produce starch by the decomposition of 
carbon dioxide ; for this, not only is the chlorophyll wanting, but light also, during 
the greater part of the period of vegetative activity in the majority of parasites and 
humus plants; for these plants, apart from Cuscuia^ only allow their flowering shoots 
to protrude free from the substratum at the very last, when the entire mass of organic 
substance is already wholly or for the most part collected. , Where then, as usual, we 
find considerable quantities of starch and other carbo-hydrates in parasites and 
humus plants containing very little or no chlorophyll,, this is owing in no case to the 
activity of the chlorophyll in the plants in question ; on the contrary, the starch and 
other carbo-hydrates are here derivatives of those chemical compounds which have 
been dissolved and taken up from the host-plants, or, in the case of the humus plants, 
from the remains of dead plants. With respect to the proteid substances of these 
plants which contain little or no chlorophyll, these may according to circumstances 
likewise be derived from the host-plant, or, as may be supposed, are first formed in 
the tissues of the parasite. When, for example, the entire vegetative body, up to the 
development of the flowers, developes within the host-plant, as in the Rafiflesiace^e, 
it may be assumed that here not only the non-nitrogenous but also the nitrogenous 
vegetable substance of the parasite is absorbed from the host-plant ; and the same may 
be the case in Cmcuta^ since this parasite, slung around the host-plant, possesses no 
roots at all in the soil, and therefore extracts the wdiole of its food from the host. It 
may at least be otherwise in the Orobancheae. These parasites are firmly fixed by 
a haustorium to their host-plant, and without doubt extract the whole of the 
carbonaceous substance which they require from the host, but they also produce 
several roots besides ; these roots are short, it is true, but they penetrate into the 
earth, and the surface of the shoot is, like that of the Balanophorese, for a long time 
in contact with the surrounding soil: they may thus take up ash constituents and 
probably saltpetre also from the earth, the nitrogen of which is possibly employed 
for the formation of proteid substances in the tissue of the parasite. 

One of the most important questions is, how does the parasitic Phanerogam 
commence to absorb from its host-plant the substance assimilated by the latter? 
It is to be observed in the first place that the union of the parasite and host is 
usually very complete, so much so indeed that it requires the most careful examina- 
tion to discover the limit between the tissues of the parasite and those of the 
host-plant. The Rafflesiaceas, completely enclosed in the tissues of the host-plant, 
behave, in fact, as if their vegetative body were simply another form of tissue in 
its interior: the sharp distinction between parasite and host only begins on the 
development of the flowers. The fact is here of the utmost interest that the nutritive 
substances which the parasite takes up from the tissues of the host-plant nevertheless 


, PARASITES Ami -SEEBLINGS COMPARED. , ' J7J 

serve for the production of a.n. organism; of an, entirely different ktiifl wlieru.v d 
perceived that, in nutrition, it depends by no' means simply upon the ciieirJcal riiUire 
of the food-materials, but far more upon the inherited nan, ire of tlie species nf plant. 

The majority of phanerogamous parasites ' are coimecled with llRir lic,4-piaiii 
only by means of small haustoria : the rest of the body lies outside the hosl. All tin; 
organic substance from the host-plant must now pass over in ih: parasite tlimugh 
this relatively small surface of the haustoria, as is conspicuous!}' the cus«? in the 
Orobanchese and Cuscuteae, But it is just in this apparciilly mesi difiiciill po'itt 
of parasitism that the plants in question agree with the seedlings of 
plants: the embryos of seeds provided with an endosperm also take up the whole tef 
their nourishment from the endosperm by means of special haustoria, which in this 
case are always parts of leaves. An uncommonly clear example illiistraling wliat 
has been said has already been given in the case of the Date seedling (p. ;>|4). The 
same may be said of the Grasses, the haustorium of which is usual]}' termed the 
scutellum by botanists: I have referred to this on p. 38 (Fig. 28; cf. Fig. 35). 
Moreover, most Monocotyledons afford similar examples of the absorption of the 
endosperm by a haustorium of the seedling h Probably the most striking case is 
that of the germinating Cocoa-nut, the tiny embryo of which, when it begins to grow, 
developes at the apex of its first leaf a haustorium resembling that of the Date 
seedling : this subsequently attains the size and form of a turnip, in order to absorb the 
nutritive materials contained in the huge seed. In these cases it is peculiarly organised 
haustoria on the leaves of the seedling which absorb the substances of the endosperm 
at their surfaces, and transfer them to the seedling : in many other cases, especially 
in the Conifers and some Dicotyledons {Rtcinus e. g.), the cotyledons themselves, 
which clevelope subsequently into normal green leaves, accomplish this. In ail such 
cases, however, the seedling acts like a parasite, which by me£ins of peculiar organs 
absorbs its nourishment from a. vegetable body (the endosperm) filled with reserve- 
materials. The most conspicuous difference, in contrast to the haustoria of parasites, 
consists in that the absorbing organs of seedlings are only slightly in contact with the 
endosperm, and by no means organically connected with it; whereas, as already 
stated, the haustoria of parasites become so intimately connected with their host- 
plants, that it is often difficult to decide where the boundary between the two lies. 
Parasites have therefore in this respect an advantage over normal seedlings; they 
behave towards their host-plants rather like the buds of a germinating tuber or bulb. 
Just as the assimilated nutritive substances pass over from the endosperm, or from tlie 
tissue of a tuber or rhizome, into the seedling shoots, etc., the assimilated materials of 
the host-plant also can pass over into the haustorium of the parasite; and just as it 
is from the seedling of a seed, or the sprout of a tuber, that the force for translerriog 
the reserve-materials into its tissues proceeds, so the parasite possesses the forces 
for extracting and storing up in itself the assimilated materials from the tissues of the 
host-plant. If this takes place in the case of seedlings by the excretion of fermenls, 
however, we can scarcely doubt , that ferments are also formed in the haustoria 
of parasites, and transferred into the tissues of the host-plant. In Ctmuia I have 
had the opportunity of convincing myself that the starch stored up in the tissues 


. 1 Cf. my treatise, ‘ Ueber die Kehmmgdes Smnem tmt Allium Cepal hot. Zeitg., 1S63 (p. 57). 
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of the Stem z Lmum by it disappears when a haustorium penetrates 

into the cortex h 

In the case of phanerogamic humus plants which contain little or no chlorophyll, 
{Ncoflia, Corallorrhiza, Epipogon, Monoiropa, LathrcBa, tic), the relations referred to 
are not so clear as in the case of the parasites. Although there can be no doubt 
that these plants take up the whole of their organic substance, or at any rate the 
greater part of it, from the humus remains of the soil surrounding them, special 
haustoria are nevertheless not known at all in these plants. Even in NeoUia^ the 
relatively small length and number of the roots is noticeable, and in Corallon'hiza 
they are entirely wanting. In these cases the root- hairs which spring from the roots 
or subterranean shoot-axes appear to serve as haustoria, which are connected with 

the still unrotted remains of fallen 
/ ^ leavesorother humous substances; 

m which excrete ferments to dis- 

l ill absorb the pro- 

\ of solution. The generally 

increase in mass and 
vigour of such plants accords 
incomplete arrangement. 
With respect to the absorption 
organic nutritive materials, the 
^ /r ii J so-called ‘Insectivorous Plants' 

better known than the true 
11 parasites and humus-plants. The 

^ I ImI ! I 1 1 striking adaptations which pro- 

I llii' / absorption of organic 

1 substance in them have for many 

1 F' years astonished a large number of 

I observers and led them to active 

Fig. 245.-— / ripe seed in longitudinal section ; inVCStigatiOD. It appCai S tO mC 

//seedling the cot 3 dedon.s of which are still in the endosperm— com- 

pare and /> ; j tebta ; e endosperm ; c cotyledon; Ac hypocotyl ; 7V that in thC CaSC Ot thC inSCCtlVOl OUS 

primary root ; its lateral roots ; jf an appendage of the seed peculiar -j . , . •.] . -k 1 1 

to Euphorbiaceaj. The endosperm increases during germination in piailtS WC lUCCt Wltil a rCmaiKaDlC 

proportion as the seedling-leaves which it envelopes : it is at length i ,1 , • i 

absorbed entirely by them and the remains cast off. CESC WmCl'C DatUrC haS COlltllVCd 

complicated mechanisms for the 
attainment of an extremely unimportant effect ; for although it cannot be doubted 
that the small quantities of proteinaceous substance which the insectivorous plants 
absorb from animal bodies are useful for their welfare, the contrast between the com- 
plicated adaptations to this end and the evidently very small amount of biological work 
which they perform is nevertheless, on the other hand, very striking, hloreover, it is 
certainly not doubtful that just the most pronounced insectivorous plants, as Nepejiilies 
and Dionma^ can also thrive continuously without this occasional supply of organic 
substance. With respect to the absorption of nutritive matters by true parasites 

^ I established exactly the same line of thought as that in the text, in my ‘ Ilandbuiii der Experi- 
mmtatpkystologicp 1865 (§ 55, p. 192). This statement, depending on careful investigations, appears 
however to have been completely overlooked by more recent writers who have been concerned with 
the absorption of organic substance by plants, as PfefFer, Darwin, Drude, and others. 
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it is a matter of life or death, and yet matters are so simple in them; in the 
insectivorous plants it is simply a matter of more or less vigorous flourishing, since, 
being possessed of chlorophyll and true roots, they are able to supply themselves with 
nutriment, and nevertheless expensive and remarkable mechanisms exist in order to 
add a small quantity of proteid substances. Only on knowing that the minute embiyo 
of a Date-stone or of a Cocoa-nut or of a Ricinus seed absorbs the endosperm, a 
hundred or a thousand times larger than itself, is it clearly apparent how extremely 
insignificant is the work done by insectivorous plants when they absorb the 
contents of small gnats and 
flies. Again, there is nothing 
peculiar, as many observers 
have believed, in the fact that 
the insectivorous plants absorb 
nutritive substances through 
their leaves, since the seedlings 
of all Conifers, Monocotyle- 
dons, and those Dicotyledons 
which are provided with en- 
dosperm, do exactly the same. 

The marvel of the insectivorous 
plants thus lies by no means 
in this point, but exclusively 
in the fact that leaves wdiich 
contain chlorophyll, and are 
moreover capable ’of assimila- 
tion, are enabled, by means 
of very peculiar relations of 
organisation and irritabilities, 
to seize small animals, and 
exhaust their proteid sub- 
stance. In this again, how- 
ever, the important point is 
the seizing arrangement, and 
not the fact of the absorption 

of organic substance * since anterior half of the lamina ; the posterior half presents its 

^ ^ internal (upper) side with the three sensitive hairs; c the winged 

numerous Fungi [SaprolegnzcB^ petiole (sughtiy enlarged). 

SphzrricBi etc.) nestle on and 

in living animals, kill them, and convert the substance of their bodies into fungus- 
substance. 

Referring to the works mentioned in the notes ^ as regards the general biology, 

^ Charles Darwin, ^Insectivorous Plants'* (London, 1875). Oscar Dnide, ^ Die insect eufressen- 
den PJlmizenP in Schenk's ^Handbuch der Bot.* 1881 (p. 113), where the further literature is intro- 
duced. The first experimental researches on the digestion of animal substance w^ere carried out, 
according to Drude, by the American Kanby (1866) on Dionesa^ and by Mrs. Treat (1871) on 
Drosera. The first comprehensive description was given by flooker in an address to the British 
Association at Belfast (1874), Darwin’s very thorough work, cited above, appeared in 1875. 
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1 will select as examples a few only of the nevertheless considerable number (fifteen 
genera) so far proved to be insectivorous. 

The ‘Venus’ Fly-trap' {Dionma muscipula) is a small member of the Droseracese, 
inhabiting the moors of North and South Carolina. The main shoot is a creeping 
rhizome, from which only a few long and thin roots arise, and at the anterior end of 
which five or six leaves form a rosette, from the centre of which a vertical flowering 
stem shoots up subsequently. The leaves may attain a length of six to eight cm. 
and have the form represented in Fig. 246 ; c c is the petiole, provided with two 
green wings, on which the lamina (a h d)^ consisting of two sharply segmented halves, 
is situated- In the figure, the half on the side towards the observer has been removed. 
In the non-irritated condition the two halves of the leaf stand so inclined to one 
another, that they form almost a right angle at the mid-rib {b b). The lamina 
contains chlorophyll, and its venation is visible in the figure. • Three long, fine, 
easily overlooked bristles stand on the inner face of each half of the leaf ; and any 
ungentle touch of one of these bristles effects an instantaneous closure of the 
two halves of the leaf when the plant is sufficiently irritable, w^hich only occurs 
at high temperatures and during the most vigorous vegetation. The two halves then 
lie closed like the cover of a thin book. The movement is chiefly effected by the 
tissues of the mid-rib- and neighbouring parts, and is rapid as lightning in the cases 
mentioned: in feeble plants, however, it takes place slowly. By means of this 
mechanism small animals in green-houses, such as wood-lice, often a centimetre 
long, are seized as they creep over the leaf; and the closure of the two halves of 
the lamina is so firm that even so strong an animal does not succeed in breaking out. 
Immediately after this closure a second mechanism co-operates in addition — the very 
stiff outgrowths {d d) at the margins of the leaf. At the instant of closure, these 
organs interlock somew^hat as w^hen the fingers of both hands are pushed betw^een 
one another, and in this way form a firm closure at the upper convex- border 
of the coincident halves of the leaf. After the closure described the sensitiveness 
still goes on acting, and the tw^o halves of the leaf now adapt themselves 
pliantly around the form of the imprisoned animal, so that its outlines are seen from 
the exterior. If the bristles have been irritated with some solid body, or if a 
non-digestible mass has been placed between the halves of the leaf, the closure follows 
in this case also ; but after some time the two halves of the leaves again diverge from 
one another. If, however, a thin lamella of hard-boiled proteid, or a small piece of 
muscle or similar substance is inserted, or if a suitable animal has been seized by 
the leaf, the closure becomes more and more complete and tight, and the third and most 
remarkable mechanism now comes into activity. Hundreds of glandular hairs bearing 
peltate capitula on very short stalks, and w^hich in the quiescent state w^ere quite 
dry like the rest of the leaf-surface, now begin to excrete a fluid in relatively very 
large quantities: I have occasionally seen it exude in dense drops at the anterior 
fissure between the closed halves of the leaf. This vigorous secretion is evidently 
a consequence of the stimulus which the animal substance exerts on contact with the 
glands. The secretion contains an acid, and, in addition, a peptonising ferment. 
The whole process thus reminds one most vividly of the processes in an animal 
stomach after a supply oCnutritive substance. The ferment, like other peptonising 
ferments, may be dissolved out by glycerine, and. then acts in a test tube in the 
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same manner, converting bodies of the kind mentioned into peptones* This digesting 
secretion permeates then the body of the imprisoned animal and completely dissolves 
it, so that at last, since the leaf again completely absorbs the secretion together with 
the products of solution into itself, only the extremely fine chitinous envelope of the 
animal remains behind. This T found to be the case with several vigorous leaves 
which spontaneously opened again in from four to six days after the seizure of large 
wood-lice, and then continued living and healthy. The quantity of proteinaceous 
substance which the leaves obtain in such cases is relatively very considerable, and 
in my earlier researches I showed that just those plants which had occasionally 
digested two or three wood-lice developed very vigorously, while the majority which 
were prevented from seizing animals remained small and did not flower. If, on the 
other hand, pieces of coagulated proteid scarcely as large as a wood-louse are 
allowed to be digested by the leaves, the latter effect the process, it is true, but they 
subsequently become discoloured and perish : only very small pieces of coagulated 
proteid are digested without injury. The culture of these plants for years has 
convinced me that they are able to develope into quite healthy, though small 
specimens, without animal food, but that the digestion of animals invigorates them 
considerably. Evidently it is here a matter of an addition of nitrogenous substance, 
since the leaves are able to produce starch independently by means of their chlorophyll 
contents, while the roots, few in number, evidently obtain but very little nitrogenous 
substance from the cushions of Sphagnum in which they live; and the same appears to be 
the case with all insectivorous plants. The digestion of small animals appears to be 
not exactly an absolute necessity for their existence, but an aid to vigorous thriving. 

Our native species of Drosera, especially D. rotundifolia^ found everywhere in 
Sphagnum bogs, and occasionally in other places also, and which may be very easily 
cultivated in windows if placed with the substratum in a flower-pot and watered with 
pure water, belong to the same family as but exhibit quite different adapta- 

tions for tile seizure of animals. The plant is small, and consists of a rosette of 
8-10 leaves, from the midst of which a copiously flowering stem at length shoots up, 
while only very few roots penetrate into the moss or turf. The leaves support, on 
a petiole 2-5 cm. long, an almost circular lamina containing chlorophyll, the whole 
area of which but rarely attains i sq, cm. At the margin of the lamina, as well as 
on the whole of its upper surface, numerous so-called tentacles are situated ; these 
are stalk-like outgrowths, each of which bears at its apex a gland of complicated 
structure. The tentacles at the margin are the longest, those in the middle of the 
lamina the shortest. In the non-irritated condition the tentacles are extended straight 
outwards, and each glandular head is enveloped with a slimy secretion, forming a bril- 
liant drop. If a small gnat, or fly, or other minute insect now comes in contact with the 
slime of the tentacles, it remains hanging to it, and finally, after ineffectual struggles 
to free itself, perishes. Here again the resulting phenomena can be called forth by 
laying on the lamina a very small piece of hard proteid, flesh, or bread, some 1-2 mgr. 
in weight ; and here also the stimulus produces two effects — movements and chemi- 
cal action. The movement consists in that the stalks of the tentacles in the course 
of a fe%v hours so curve at their basal portions that the glandular heads come to lie 
exactly over the body of the insect ; whether the insect lies at the margin or in the 
middle of the lamina of the leaf, the tentacles always curve in such a manner that 
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they all become applied to the prey with their heads, and completely envelope it in the 
fluid secretiom After some time (ro-20 hours) the lamina itself also becomes curved, 
and all the movements of the leaf called forth by the stimulus may be approxi- 
mately imitated by laying a small body on the palm of the hand while the five fingers 
are outspread, and then curving the fingers in such a way that they all touch the 
body with their tips, while the palm itself becomes at the same time curved round 
the body. The chemical action in the case of Drosera consists in that the secretion 
of the glands (which is already present and contains a peptonising ferment, but 
was hitherto neutral in reaction) now becomes acid in consequence of the stimulus. 
The digestive fluid is thus rendered complete, since it, like pepsin, only acts as 
a peptonising agent in an acid liquid. Rees and Will ^ were the first to extract the 
peptonising ferment out of the leaves of Droserahy of glycerine, and to establish 

its digestive action on blood- fibrin — a fact which is the more deserving of mention, 
since this was the first demonstration of the existence of a peptonising ferment in 
plants. After complete digestion and absorption of the products of solution, the 
tentacles of the Drosera leaf again return to their original position, and the lamina 
becomes extended and flat. On the leaves of Drosera in the open the empty remains 
of numerous small insects are to be found at any time. Nevertheless the plants 
may easily be cultivated in a room under a bell-glass until the ripening of the 
seeds, without their catching insects: this, however, does not prove that the latter does 
not act favourably for nutrition, and the researches of Francis Darwin and Rees 
make it at least very probable that plants fed artificially flourish more 

vigorously than those not so fed. 

The course of affairs in our native species of (Utricularia^), which 

inhabit moist shady spots, is unusually simple. Flere also there is a rosette formed 
of a few tongue-shaped leaves, fi'om the midst of which the flowering stalk subse- 
quently arises. These plants also may be easily cultivated and observed in pots. The 
surface of the leaves, which contain abundance of chlorophyll, presents a velvety 
appearance, owing to very numerous epidermal glands, which possess approximately 
the form of a mushroom, some with long and others with short stalks. The capitula of 
the glands are moistened by the secretion which they exude, and hold fast any very 
small insect, or bread-crumb, or piece of proteid laid on. After one or a few hours 
the small body is noticed to be enveloped in a drop of fluid of considerable size, and 
with an acid reaction; at the same time the margin of the leaf begins to curve 
upwards, and in the course of several hours the digestible body is completely covered 
by the leaf margin arched in over it. After a few days, when the products of diges- 
tion have been completely absorbed, the leaf again opens out flat. 

Finally, we may shortly describe another of the most complex and remarkable 
mechanisms for the purpose of digesting insects. The so-called 'Pitcher-plants’ of 
the genus Nepenihes, which are extended over Madagascar, Ceylon, and elsewhere in 
South-Eastern Asia, are thin-stemmed climbing plants, provided with large simple 
leaves abounding in chlorophyll. From the apex of a leaf, a filiform tendril slowly 
developes, which, like other tendrils, is able to wind round the branches of neighbouring 


^ Rees and Will, ^ Minige Bemerkungen iiber Jieischfressende PJiansen" (Bot. Zeitg. 1875, 
P- 7 ^ 3 )- 
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plants, and so to serve as a climbing organ. At the end of this tendril a peculiar 
appendage is noticeable very early; this developes later into the pitcher, so remark- 
able in every respect, and the common form of which is sliown in Fig. 247. In the 
majority of species the pitcher is only 4-10 cm. high, and 1--3 cm. broad ; but there 
are species with pitchers 30 cm. high and 
of corresponding breadth. The pitcher is 
provided with a lid, which, however, in 
the developed condition never closes the 
opening. The whole organisation of 'this 
wonderful organ is calculated to allure 
small animals, especially ants, &c., in such 
a manner that they are guided by two' 
wings running outside the pitcher to the 
margin <5? if, where an exudation of honey 
invites them further. Immediately be- 
neath this margin, and on the interior, 
the pitcher is bright and smooth, so that 
even the foot of an insect finds no hold : 
the animals fall down to the bottom of 
the pitcher, and are there received into 
a copious fluid secretion. This secretion, 
which may easily be poured out of large 
pitchers in quantities amounting to several 
or many cubic centimetres, is excreted by 
some thousands of small epidermal glands 
(at b in the figure). In the non-irritated con- 
dition the liquid has a neutral reaction, but 
even then contains a peptonising ferment, 
as Gorup-Besanez and Vines have demon- 
strated, since on adding an acid the se- 
cretion is able to digest fibrin h Just as 
in Drosera^ the acid necessary for diges- 
tion is only excreted after an insect has 

fallen into the abundant secretion. The great difficulties attending the culture of 
Nepenthes in our hot-houses may depend chiefly upon the fact that this addition 
of proteid substance in nutrition is mostly deficient. 



Fig. 24.7.--Leaf-tenclriI a of Nepenthes leevis with the 
pitcher bisected longitudinally (the interior of the posterior 
half of the pitcher is sliown) ; b basal region with digestive 
glands; cupper smooth portion ; ci margin of pitcher; did 
(nat. size). - 


^ S. H, Vines, '‘On the Digestive Ferment of Nepenthes' (Linn, Soc. vol. xv. p. 427). E. v. 
Gonip and H. Will, ^ Fortgesetzte Beobachhingen uber peptonhiidende Fermentc iin PJlanzenreiche'' 
(3 Mittli.) in Berichten der deutsch. chem. Gesellschaft (Berlin, 1876). I mixed the secretion of 
two pitchers of Nepenthes Sedeni (amounting to about 12 c.c.) with three drops of hydrochloric acid 
and, later, an equal volume of water. This fluid gradually digested enormous quantities of swollen 
blood-hbrin, which I estimated at about 8 c.cm. 
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LECTURE XXIIl CONTINUED. NUTRITION OF FUNGI. LICHENS. 

Those parasites and saprophytes devoid of chlorophyll which have been con- 
sidered so far, all belong to the highly organised subdivisions of the vegetable king- 
dom ; in spite of their not inconsiderable numbers in species, they are, nevertheless, 
in contrast to the enormous mass of normal green plants, to be regarded as rarities, 
which only come before the eyes of the non-botanicai observer exceptionally, and 
play a very subordinate part in the economy of Nature ; they belong, however, to 
the most various families of flowering plants, and in each small group of these 
colourless plants we meet with peculiar biological deviations from other nearly allied 
but typical forms. 

Matters are quite otherwise in the case of the Fungi. We here meet with 
a class of plants enormously rich in species, all the members of which are devoid of 
chlorophyll, and are thus adapted to nourish themselves by parasitism, or at least 
by making use of organic remains. The Fungi ^ in their sharply-expressed individu- 
ality, so to speak, form an organic kingdom by themselves, to such an extent indeed 
that up to the time of Linnaeus, and indeed even in the present century, doubts have 
been entertained as to their vegetable nature. 

The variety of the forms of Fungi is simply enormous. From the simplest Bac- 
teria and their allies, distinctly visible only with the strongest powers of the micro- 
scope, finely graduated transitions occur to the highly organised forms with massive 
bodies, often more than a kilogram in weight and with well-marked differentia- 
tion of tissues, the latter being offered us particularly by the Gasteromyces in ex- 
tremely remarkable forms. Nevertheless, apart from a few of the very simplest 
genera, the body of the Fungus is always constituted of the hypha? already described 
— thin colourless threads, usually segmented by transverse septa ; these either live 
singly for themselves, as in the Mould-fungi, or are united in large ^numbers and 

^ Since I have been compelled several times in the text to refer to mycological facts which may 
not be known to the reader, I here cite the most important works for consultation, i. De Bary, 

^ Mo 7 'phologie und Fhysiologie der Pilze^ Flechten uttd Myxomycetm' (Leipzig, 1864). 2. De Bary 
and Woronin, ‘ Beit 7 'dge zu 7 ' Morphologic nnd Physiologic der Pilzel R. I-IV. 3. Luerssen, ' Mcdi- 
cmisch-pharmaceutischc Botanik oder Hmtdbuch der system, Botl B, I (Leipzig, 1874). 4. Goebel’s 

new edition of the systematic portion of my k Lehrb, der BoP (Leipzig, 1882), 5. Frank, ^ Die 
Krankheiieft der BJianzen'' (Brtslmf iSSo). 
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form a massive body, as every one has seen in the case of the well-known Mushroom* 
But even in these large Fungi the mycelium, the root-like vegetative and feeding 
organ, consists very commonly of single branched hyphse creeping in the substratum. 
The non-botanical observer usually sees only the massive fructification of the fungus, 
which protrudes above the substratum, because the mycelium remains hidden in the 
substratum, or at any rate only grows out from this into the moist air under certain 
circumstances, and is moreover only clearly visible with the microscope. So far as the 
question of nutrition is concerned, however, it is just the knowledge of the mycelium 
and its mode of life which is of special importance ; and what is to be said here with 
respect to the Fungi, refers essentially only to the mycelium. 

Many Fungi are satisfied with dissolving and absorbing from their substratum 
only so much substance as is necessary for their nutrition, either as parasites or 
saprophytes. Hence they usually act destructively on their substratum only to a 
slight extent ; and even when they inhabit living plants or animals, the injury caused 
by them is insignificant — e. g. the majority of Rust-fungi (iScidiomycetes). Others 
grow and nourish themselves harmlessly in the tissues of higher plants, finally, how- 
ever, when themselves producing fructification, to effect malignant destruction ; as 
Phytophthora infestans, which causes the Potato disease, and the Smut of Wheat, which 
at last completely fills up the interior of the grains with its masses of black spores. 
To the worst enemies of the higher plants, however, belong the tree-killing Fungi, 
the mycelia of which nestle in the wood even of older huge trees, and not only take 
from it the nourishment necessary for their nutrition, but decompose the masses of 
wood until they are converted into soft spongy or powdery humous substances. 
Even wood, which has already been employed for various kinds of building, 
&c., is destroyed by Fungi. Merulius lachrymans destroys the timber-work of 
houses, converting it into a mass of dirt, &c. Even living animals are attacked 
and killed by Fungi. Our house-flies are destroyed annually in autumn, with the 
exception of a few specimens which live through the wdnter, by a fungus {Empusa 
Musccb) infests them; and innumerable caterpillars are killed by Sphcerm. 

In these cases the whole living substance of the body of the animal is finally con- 
verted into a mass of Fungus; the aquatic Saprolegnim in consume dead 

insects which have fallen into the water, until only the hard chitinous covering 
is left. 

Nevertheless, these are all only individual phenomena, in contrast to the universal 
distribution of other Fungi wherever organic life in general is possible. One may 
well say that if there were no F'ungi, the entire surface of the earth would be covered 
with dense layers of the bodies of plants and animals which had accumulated for 
thousands of years ; since it is essentially the Fungi, and particularly the minute 
forms of very simple structure, which have year by year in the course of geological 
time decomposed the dead plants and animals and again resolved them into carbon 
dioxide, water, and ammonia. Only where perished organisms have been protected 
from the access of the air, w^hich Fungi require, by being enveloped on all sides by 
mud, or sunk in turf, etc., have their remains been preserved, or at least a great part of 
their carbon, which could not be oxidised during intramolecular spontaneous de- 
composition by the small quantity of oxygen contained in the organic coiiipounds 
themselves. This has happened in the formation of coal, and is still taking place in the 
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formation of lignite and turf. This enormous labour, however, is chiefly performed 
by universally distributed Fungi, which not only absorb the materials necessary for 
their nutrition, which would result in effects only extremely insignificant, but destroy 
in addition the substances which they do not take up. We find this peculiar 
destructive action taking place to the greatest extent by means of the Fungi of fer- 
mentation and putrefaction in the narrower sense. That others also effect similar 
work has already been mentioned above, in connection with the Fungi which destroy 
wood ; and the mouldering and final disappearance of the masses of fallen autumn 
leaves in woods must be ascribed to similar destructive actions of Fungi, the quantity 
of Fungus produced itself remaining extremely insignificant. 

So far as the Fungi simply derive nutriment from their substratum, their nutrition 
resembles in the main that of phanerogamic parasites and saprophytes; what 
particularly distinguishes very numerous Fungi, however, is the decomposition of the 
organic substratum as already mentioned, the products of the decomposition not being- 
taken up by the Fungus. Only in this way is it possible for Fungi to prevent the 
continual accumulation of organic substances on the surface of the earth ; since if 
they were to make use of their organic substratum only for the purposes of their 
own nutrition, there would simply result an enormous accumulation of these plants. 

If we now attempt to obtain a more exact insight on the one hand into the 
nutrition of the Fungi, and, on the other, into the destruction of their substratum 
effected in addition by many of them — and thus into the nature of fermentation and 
putrefaction — we shall find that the shortest -way here, as in the case of the nutrition 
of normal plants, is at once to make clear the results derived from the artificial 
nutrition of Fungi, and the experimental study of the phenomena of fermentation. 

The first experimental investigations into the nutrition of Fungi were under- 
taken by Pasteur about thirty years ago. I here pass over the methods of 
cultivating Fungi, especially the highly organised forms, in decoctions of fruit and 
dung, and in various mixtures of gelatine and sugar, etc., which have meanwhile been 
much further developed, because in these methods of culture, highly important 
as they are for the biology of the Fungi, it has only been sought to bring various 
kinds of Fungi to normal development, in order to make clear their growth 
and reproduction and the configuration of their relations of organisation ; the 
proper — i. e. the chemical— questions of nutrition not coming further into consider- 
ation. Naegeli^ (Avith the co-operation of Dr. Loew) has, however, recently made 
some very detailed investigations and theoretical considerations on the matter. 
Hence we shall obtain the desired glimpse into the processes of nutrition and 
ferment action of the Fungi most quickly, if 1 shortly present the most important 
results of Naegeli's work in this province. 

The Fungi, like other plants^ require in addition to those compounds -which 
afford them the elements of the proteid substances, fats and carbo-hydrates — viz., 
Carbon, Hydrogen, Oxygen, Nitrogen and Sulphur— also certain mineral matters, 
the presence of which is necessary in the chemistry of nutrition and for the mole- 


^ The works of Naegeli (and Loew) referred to are to be found in the Sitzungsber. der kgl. 
bayr. Akad. Tinder the title ^ Emdhru7tg derniederen Pihe'* (i879)j. and ^ liber die Fetibildtmg der 
niederen Pike\i%)^), 
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cular stnictiire of their organised parts. But the Fungi, according to Naegeli, make 
smaller demands than plants containing chlorophyll with respect to their choice of 
niinerai matters. They can exist provided three elements— viz., phosphorus, one 
element of the series potassium, rubidium, and caesium, and, finally, one of the series 
calcium, magnesium, barium or strontium — are supplied to them. Since, now, the 
other elements here mentioned — viz., rubidium, caesium, barium and strontium— 
certainly do not occur at all places where Fungi grow, we may say they require phos- 
phorus, potassium, and, in addition, calcium or magnesium. The difference between 
them and normal plants lies in the latter needing calcium and magnesium at the 
same time. Iron appears to be necessary only for the formation of the chlorophyll of 
normal green plants, and is thus wanting in the Fungi; and with respect to chlorine 
and silica, which Naegeli reckons among the requirements for the nutrition of the 
higher plants, the necessary facts have been already stated in Lecture. XI V*. The 
essential difference between Fungi and the normal green plants, so far as the mineral 
matters are concerned, would thus lie, according to Naegeli’s researches, only in that 
the Fungi do not need to take up magnesium and calcium at the same time, but 
only require one of the two; and that instead of this they can also make use of 
barium and strontium, and, instead of potassium, of rubidium and cesium. These 
are Naegeli’s results concerning the elements necessary for the nutrition of Fungi. 

Since the Fungi are not able to decompose carbon dioxide and thus to produce 
carbonaceous organic substance, because they lack chlorophyll, a carbonaceous 
organic compound must be presented in the artificial nutrition of Fungi, in addition 
to the compounds of the elements named above. According to all experience 
hitherto, it appears that organic carbon compounds of the most various kinds can he 
taken up by the Fungi, and then be employed for the formation of cellulose and pro- 
toplasm by means of internal metabolism. Of special interest, however, for scientific 
insight into the matter is the knowledge of those nutritive substances which are distin- 
guished by their peculiarly simple composition, and the other chemical properties of 
which are so exactly known that definite conclusions may be drawn from them 
respecting the chemical processes probably occurring in the nutrition of the Fungus. 
In this sense Pasteur employed, so long ago as 1858, ammonium tartrate for the 
artificial nourishment of the Mould-fungi, Yeast and Bacteria, For the nourishment of 
Yeast-fungi, Naegeli distinguishes as well chosen a nutritive solution employed by 
Adolf Mayer in 1869. I here subjoin the composition of this, in order to give the 
reader a clear idea; but it is not therefore to be supposed that every nutritive 
solution in which Yeast is to grow must have exactly this composition — it is simply 
an example for illustration. The solution in question was as follows : — 


Water 100 Cu. cm. 

Sugar 15 grams. 

Ammonium Nitrate . i 

Acid Potassium Phosphate .... 0*5 ,, 

Tribasic Calcium Phosphate .... 0*05 

Magnesium Sulphate , ... . . 0*25 „ 


If then this nutritive mixture is a suitable one, a considerable multiplication of Yeast- 
cells must be obtained in a short time, if a few of them have previously been placed 
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in the fluid by means of a needle point, etc.; exactly in the same way as we expect, 
in the artificial nourishment of-a plant containing chlorophyll, that a plant of normal 
size with numerous ripe seeds will deveiope from a seed. This the solution men- 
tioned accomplishes; though there still remain several things to be considered. 
Naegeli says, that, theoretically considered, from a quantity of Yeast which cannot be 
weighed 3-4 grams of new Yeast should be produced in the fluid described, whereas 
in reality only i gram is produced. Nevertheless the result must not be under- 
estimated, since a single Yeast-cell w^eighs only about of ^ milligram, 

and thus in our solution there would arise from one or a few such cells some 2000 
millions of new cells, and a corresponding increment of protoplasm and cellulose also 
takes place. However, as already explained, I only introduce these numbers in order 
to give a general idea of the matter to those unacquainted with such things. As a 
matter of fact, Yeast-fungi, Bacteria and various Mould-fungi can flourish in very 
diflerent nutritive mixtures, if only a suitable carbon compound is present in addition 
to the mineral matters mentioned. 

The most suitable carbonaceous food is always found by these Fungi in sugar 
(glucose), and the best nitrogenous food in proteids and peptones. According to 
Naegeli the nitrogen may be taken up simultaneously with the carbon also from 
Acetamide, Methylamine, ^thylamine, Prophylamine, Asparagin and Leucin ; whereas 
Oxamide and Urea can supply merely the nitrogen, but not the carbon. As sources 
of nitrogen the Fungi can also make use of all ammonia-salts, and the Mould-fungi 
and Bacteria even of nitrates. Free nitrogen, on the contrary, cannot be used for 
the formation of protoplasm by the Fungi : exactly as is the case with the green 
plants. In the same way Cyanogen compounds are unfitted for this purpose. 
According to Naegeli, almost all carbon compounds are suitable for nutrition as 
carbonaceous material, if they are soluble in water and not too poisonous; but 
Cyanogen, Urea, Formic and Oxalic acids, and Oxamide are unsuitable for this 
purpose. The best nutritive material in all cases is afforded by a mixture of peptone 
and sugar. 

With regard to the production of plastic matters from the nutritive materials 
taken up in the interior of the Fungus-cells, Naegeli has studied chiefly the 
formation of fat (starch is as a rule not produced in the Fungi). There is not the 
slightest doubt, after what I have stated previously, that fat is formed in ripening 
seeds from carbo-hydrates, particularly starch, since this transformation takes place 
in the nearly ripe seed even when taken out of the fruit, where no other material 
is available under the circumstances for the formation of fat. It results now, from 
Naegeli's investigation, that in the lower Fungi also fat is formed from carbo-hydrates, 
but also from albuminates and other nitrogenous carbon compounds. If Fungus- 
cells are placed in pure water, fat is formed in them at the expense" of their pro teid 
substance, since the protoplasm diminishes in quantity. This is very easily demon- 
strated in the case of the Mould-fungi and Yeast That albuminates and other 
nitrogenous carbon compounds can yield material for the formation of fat may 
be proved, according to Naegeli, when these substances (with the addition of the 
necessary mineral matters) are exclusively employed for the nutrition. The Bacteria 
(Schizomycetes) flourish in a solution of proteids, or still better of peptones formed 
from proteids; and the Mould-fungi grow in it when the solution contains a little 
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phosphoricracid; Now if merely, a trace of spores or of Fungus is sown in the 
solution, an increase of the Fungus, and thus of fat, to the extent of more than 
a millionfold is obtained. The proteid may be replaced by Asparagin or Leucin 
with a like result Moreover, sugar and ammonia or amnionic tartrate, with the 
addition of ash-constituents, suffice for nutrition. Instead of sugar, mannite 
or glycerine, and instead of tartaric acid, acetic or salicylic acid or some other 
organic acid may be used. In most cases, again, ammonia may be replaced by 
nitric acid as the Source of nitrogen. ‘If, instead of ammonia or nitric acid, 
albumin or peptones are employed as nutriment, the production of fats and 
cellulose from sugar or tartaric acid etc. is demonstrated, when only a little of the 
former, but a large quantity of the non-nitrogenous compound is present in 
the solution. The analysis of the crop in this case shows that only the albuminate 
can be derived from the proteid of the nutritive solution, and that the whole, or a| 
least a great part of the fat and cellulose must be derived from the constituents of th§ 
sugar or tartaric acid. The facts alleged undoubtedly prove that the Fungus cells 
can take the material for the formation of fats from the most various nitrogenous 
and non-nitrogenous compounds.' Moreover, the theoretical chemical explanation of 
these processes is rendered more difficult by the .fact that the chemical constitution 
of the nutritive solution appears to be, as Naegeli says, almost without significance 
for the formation of fat in the Fungi. 

Concerning the relation of the formation of fat to respiration, Naegeli remarks : 

‘ The Mould-fungi only grow when they have access of free oxygen, and abound in fat : 
Beer-yeast requires very little oxygen for its development and is deficient in fat, and 
the same is true of the Schizomycetes (Backrid). The Mould-fungi living on the 
surface of the nutritive fluid contain more fat than their own submerged budding 
forms. Free access of air is necessary for the formation of spores which contain 
much fat. The Saccharomycetes (Yeast-fungi), as is well known, only develope 
spores when they are spread out on a substratum and lie in a half dry condition : the 
Schizomycetes likewise, as it seems, never produce their spores in the liquid, but 
only in the covering at the surface. Mould-fungi living in liquids only form resting 
spores abounding in fat on the hyphse which rise up into the air. Why the Fungi 
■thus require oxygen for the production of fat, however, remains in the meantime an 
open question.' 

These details as to the formation of fat in the Fungi, which may probably be 
extended in essential points to more highly developed forms also, are-<the more 
interesting since the Fungi collectively and individually produce no starch, and even 
form true sugars only in small quantity or not at all, though mannite, on the other 
hand, often occurs in them. Even the cellulose of the Fungi is in some respects 
different from that of other plants, not giving the usual blue coloration with iodine 
and sulphuric acid. 

It has already been remarked that Yeast and the Bacteria^ besides many other 
Fungi, not only usemp the surrounding, substratum to extract from it the constituents 
of their own nourishment, but that they cause fermentation and putrefaction at the 
same time, i.e. decompose the complex molecules of the carbo-hydrates and proteid 
substances, and this in far greater quantity than is in any way necessary for the 
purposes of their own nourishment This ferment-action is peculiarly energetic in 
[3] cc 
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the case of Yeast, which decomposes sugar into alcohol and carbonic acid, glycerme, 
and succinic acid Naegeii found ^ that i gram of bottom- Yeast (dry weight) in 
a 10 per cent, solution of cane-sugar containing tartrate of ammonia, as food 
material, and through which air was continuously passed, fermented about 70 gr. 
of sugar in twenty-four hours at 30° C., the weight of the Yeast itself increasing to 
more than 2*5 gr. during the twenty-four hours. Gn the average, therefore, i’7 gr. 
of Yeast were effectiye during twenty-four hours, and decomposed forty times that 
weight of cane-sugar. For further criticism of this process, into which however w^e 
cannot here enter in detail, the additional remark may be made that the 
volume of a cell of Beer-yeast amounts to something like of ^ cubic 

millimetre, which corresponds to a weight of about of a milligram. 

Naegeli calculates further that in the fermentation of i kilogr. of cane-sugar (or, 
after its inversion, of 1*0526 kilogr. of grape-sugar), whereby 0*51 kilogr. of alcohol 
are produced, 146*6 thermal units of heat appear. The temperature of a fer- 
menting sugar solution may, if no loss of heat occurs, be raised more than 14° G. 

The greater part of the sugar is broken up in fermentation into alcohol and 
carbon dioxide. Pasteur showed, however, that about 5 per cent of the sugar 
breaks up into succinic acid, glycerine, and carbon dioxide. Although, according to 
Naegeli, the ferment-action of Yeast is more energetic on the access of oxygen, it 
nevertheless takes place when oxygen is completely excluded from the fermenting 
liquid. In the arts this is in fact the common experience : the vats containing the 
wine-must are provided with special valves at the bung-hole, which allow of the exit 
of the enormous quantities of carbon dioxide, but of no entrance of oxygen; and in 
experiments on a small scale it is also easy to convince ourselves that fermentation 
proceeds energetically in a sugar solution utterly deprived of oxygen. 

Of the species of the mycelium of especially breaks up in 

a saccarine liquid into spheroidal cells, which multiply by budding like Yeast, and 
w’hich, though to a much smaller .extent, effect alcoholic fermentation. If a few 
spores of Mucor are placed on a perfectly sound apple from a small part of which 
the skin has been removed, the mycelium of this Fungus grows through the whole of 
the parencliyma of die apple in a few days; the latter is thereby converted into 
a soft and subsequently deliquescent mass, the odour and taste of which demonstrate 
the formation of alcohol and ethereal oils. 

A peculiar form of fermentation is produced by the putrefactive Fungi (Scbizomy- 
cetes — Bacierid). These are much smaller than the cells of Yeast, and are spheroidal 
or rod-shaped, and remarkable chiefly in that they also decompose saccharine solur 
tions, in the presence of proteid matters, in a manner which differs according to the 
species of Fungus. They convert grape-sugar into lactic acid, and the lactic acid into 
butyric acid, with the formation of carbon dioxide and hydrogen ; and if some grape- 
sugar still remains over in this fermentation, it is converted into mannite. These 
decompositions also may run their course without direct co-operation of the oxygen 
of the atmosphere^ In the formation of acetic acid from dilute alcohol, by means of 


' Naegeli’s comprehensive treatise TheoHe der Gdhrung^') appeared in AbhandL der kgl. 
bayr. Akad. d. Wiss., B. XII. Abth. 2 (Mlinchen, 1879), and is indispensable to any one interested 
'in Fermentation. 
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another Bacienum (^mother of vinegar’), the access of oxjgen in abmidan is 
necessary.,/. . Z':; 

in the narrower sense properly affects only the proteid substances 
which are decomposed by colourless, yellow, red and blue Bacteria. Moist bread, 
meal, boiled white of egg, etc. exposed to the air for some time show in the first 
place colonies of Bacteria at certain spots, which become extended more and more, 
and which, in the case of the pigment Bacteria especially, are very conspicuous. It 
is only necessary to touch these spots with a needle point, and then to touch with 
the needle an egg boiled hard and deprived of its shell, and lying in damp air, to observe 
at the infected spot within a fe\v days a colony of Bacteria extending itself with all the 
effects of putrefaction. The profound decomposition which the proteid substances 
undergo under the influence of the Bacteria is most easily recognised by the escape 
of evil-smelling gases —ammonia, sulphuretted hydrogen, and ammonium sulphide. 
Finally, the proteid substances are completely destroyed. 

It is now scarcely doubtful that common Yeast, as well as Bacteria, are only 
special vegetative forms of Fungi which consist of hypbae, just as the IMucor-yeast 
is only a peculiar vegetative form of 
Mucor racemosm, Zopf has lately shown, 
especially with respect to Bacteria, that 
they arise by segmentation from exceed- 
ing fine filamentous Fungi {Beggiatoa^ 

Cladoihrix), and that these forms of Fungi 
again proceed from them. The bacteria- 
form of these Fungi reproduces itself, 
under conditions favourable to nutri- 
tion, by continually repeated- transverse 
divisions. Similar vegetative forms also 
occur indeed in many Algae, and even 
in the protonema of Mosses. The re- 
markable and conspicuous facts in the 
Yeast-fungi and Bacteria, however, lie chiefly in their po\ver of decomposing such 
exceedingly large masses of carbo-hydrates and proteid substances by means of fer- 
mentation, while they themselves make use of only small quantities for their growth. 

In the Yeast-fungi and Bacteria we have thus found the ferment-action accom- 
panying nutrition proper, increased to a maximum. That a similar thing takes place 
in other Fungi also, however, though to a smaller extent, is shown by the behaviour 
of the common forms of Mucor ^ the mycelium of which, penetrating into sound 
apples and completely permeating their parenchyma, is by no means satisfied with 
extracting the material necessary for its nutrition : on the contrary, the substance of 
the apple is decomposed into a soft mass smelling of alcohol and ethereal oils. 
Apart however from what has been stated with respect to the ferment-fungi, a closer 
insight into the chemical changes effected by Fungi on their substrata is so far 
wanting. The best we possess in this connection are Robert Hartig’s statements as 
to the destruction of w^ood by tree-killing Fungi, Before I quote his statements on 
this subject, however, It will be well to make a few preliminary remarks with regard 
to these Fungi. 



FJG. 248.~Sciuzomycetes. *. Sarcinu, 
3. Vibrio, 4. Spirtllum (after Coha). 
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It bas been established by the memorable labours of Robert Hartig ^ that the 
stalked Fungi growing out from diseased tree-trunks, such as Agancus melleus and very 
many species the fructihcation of which tends to grow out from tree- trunks in the 
form of a sessile fan-shaped structure, such as Trameies pini, Polyporus fuhus, P, 
vapomrius, P. mollis, and P. dorealis, Bl\ of which occur on Conifers, as well as ffydnmn 
iiversidens, Telepliora perdrix, Polyporus sulpha P. ignarzusy P. dryadeusyziA 
Stereum kirsutum, all of which infest Oaks, and others, are by no means the harm- 
less parasites they were formerly considered to be; he shows, on the contrary, that 
the delicate filamentous mycelium of these Fungi penetrates into the roots (Trameks 
radiciperda and Agarims melleus — the latter creeps in the soil and constitutes the 
subterranean ‘ Rhizomorpha or often directly into the stems and branches, usually 
through wounds previously produced., and vegetates for years in the wood and destroys 
it In consequence of this, even large trees may be killed by the mycelium dwelling in 
them, or at least their wood be made useless. From the mycelium vegetating in the 
interior of the wood, in all the species named, the fructifications already referred to 
at length appear; these are often yery laige, and in many cases themselves go on 
growing further for years (e. g. Polyporus ignarius). 

Referring to Hartig’s works ^ for the mode of life of these plants, I will here, 
where, we are concerned with questions of nutrition, subjoin only some of his 
results with respect to the changes which ' the wood of Conifers undergoes by the 
action of the mycelium. The changes of the cell-walls of the wood, says Hartig, 
which are produced by the Fungus, are of great interest. In the first plaoe, it is 
an important fact that the hj^phae of the Fungus always vegetate in the interior of 
the wood-cells, and only bore through the septa, whereby how^ever it is not pre- 
cluded that they occasionally grow forward also laterally or upwards or down\vards 
in the walls, and become branched in them. The ‘mycelium of Agaricus melleus 
lives in fact in the latter form, chiefly in the hard substance of the cell-walls of the 
wood. The holes bored in the walls (which either have from the first the same 
diameter as the fungus-filament or are often distinctly smaller, because the hyphse 
inside the wall penetrated by them thin off) eventually become widened, as a rule 
considerably, since the solution of the substance of the cell-wall appears to take place 
more, rapidly ounvards, starting from the perforation. The activity of the fungus- 
hyphse in the interior of the w'oody tissue varies. Sometimes they absorb directly 
and unaltered the organic substances met with . on the way, and produce fungus- 
protoplasm and cellulose from them, with the separation of carbon dioxide : on 
the other hand^ they extract from the organic compounds at a greater distance 
certain substances which they require for their nourishmerit,, and thereby, according 
to Hartig, cause a chemical alteration of the cell-contents or cell-walls. The fungus- 
hyphse penetrating into the sound wood of the Oak absorb the tannin unaltered, 
.and It can be detected in them by means of . salts of iron. The numerous 
lateral hyph^, which bore through the walls like haustoria, entirely absorb the dis- 
solved substan.ce of the cell-walls pf- the , wood, through their apices; they exert in 
addition a very profound decomposing influence on the contents and .Avails of the 

.p Robert Hartig, ' Wichtig^ KrankhiUmider W^ldbli^me^ (Berlin, 1S74), and ^ Die Zersetz- 
ungsenchemttngen des Hokes der Nadelhaumc und der Eiche * (Berlin, 1878). 
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ceils far be jond their immediate neighbourhood, extracting from them certain 
matters which serve for the nourishment of the fungus-hvphse, whereby the most 
extraordinary differences, characteristic for each species of plant, appear. In many 
cases the wall of the wood-cells again assumes completely the character of cellulose : 
it becomes colourless, flexible, capable of swelling, and is coloured a beautiful violet 
by chlor-zinc iodine. In other cases, on the other hand, the wood cell-wall becomes 
brown and very brittle, its substance largely soluble in ammonia, and yielding a 
brown fluid with solution of potash. This, in other words, evidently means that 
some of these Fungi take up chiefly wood -substance (xylogen) from the cell-walf 
and leave their cellulose behind, while others take up the cellulose itself, and leave 
behind the wood-substance impregnating it. The former is the case for example 
with Trametes pini^ and the latter with Polyporus mollis, Hartig is of opinion that 
the greater part of the organic substance of the w^ood finally breaks up into 
carbon dioxide and water, without being previously taken up into the hyphse. In 
very much decomposed wood of Conifers the turpentine appears no longer fluid 
but hardened, filling the cavities of the wood-cells in amorphous pieces. In the 
w^ood of Pines much decomposed by Trameies radiciperda^ the tracheides, previously 
permeated with turpentine, become filled with crystals, the solubility of which in 
turpentine admits of the conclusion that they are hydrate of terpin. Obviously 
the mycelia of the tree-killing Fungi take up their ash-constituents also from the 
wood, and these pass into the fruit bodies situated on the exterior. As in the case of 
most other Fungi, crystals of calcium oxalate are here also excreted during nutrition, 
both in the nourishing wood and in the organs which bear fructification. 

If we now cast another glance backwards on what has been said concerning 
the nutrition of Fungi, we find forms which are satisfied with taking up from their 
living or dead substrata simply and only so much of what is needed for the construc- 
tion of their bodies as is necessary; as well as those which, in addition to absorbing 
their nourishment, produce copious decompositions in the substratum and destroy it. 
This latter effect, w^hich, as it seems, occurs in the most various degrees down to those 
which are scarcely noticeable, we may comprehend in general — even in cases where 
the decomposition of wood is concerned — sunder the extended idea of fermentation. 
With respect to the true nature of fermentation, and especially with respect to its. 
essential difference froih ferment-actions, I have already said what is necessary 
(Lecture XXI). Here it may be still further insisted upon , that neither action need 
exclude the other. In the first place, we must assume that every Fungus exerts a 
ferment-action on its substratum, simply in order to obtain its nutritive material from 
it. When a fungus-filament grows through a hard cell-wall,, we must assume that a 
ferment exists at its surface, by means of which not only is cellulose dissolved, but 
also iignine, and, under certain circumstances, cuticular substance also. In the same 
way the germinal hyphse of various parasitic Fungi bore through the coverings of the 
bodies of insects, for which purpose (in the same way, and probably necessarily) a 
ferment must exist at the surface of the germinal hypha, which in this case, where 
the solution of proteid substances and perhaps even of chitin is concerned, may be . 
regarded as a peptonising ferment. In general it will suffice that the fungus-filament 
which penetrates into a substratum contains an exceedingly small quantity of 
ferment, since even in the seedlings .and -buds of Phanerogams only extremely small 
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quantities are produced. Moreover, the action of this ferment at any time need only 
be exercised close to the surface of ’the growing end of the fungus-filament, so that 
at distances measurably removed no further decomposition of the substratum follows. 
This at least explains how it is possible for the fungus-filaments to bore smooth 
holes (which they completely fill up) through the cuticularised epidermis of living 
plants, and through lignified cell- walls, and even through starch-grains. Evidently 
this fermenting action of a fungus-filament is to be compared with those which I 
have already described (p. 3445 Bg- 236) in the germinating Date. As the delicate 
soft haustorium of the first leaf of the seedling there grows into the hard mass of 
endosperm, because it dissolves and absorbs the hard cellulose as well as the proteid 
substances and fat of the endosperm close to its surface, by means of its ferment action, 
so, too, we may suppose the fungus-filaments penetrate into their solid substratum, 
which is insoluble in mere water. 

That the ferment-fungi also exert ferment- actions on their substratum is shown 
in the first place by the invertive action of Yeast, since it converts cane-sugar into 
glucose, and we may certainly assume that in the nutrition proper of all Fungi which 
have a destructive action on their substratum, ferment-actions first take place by 
means of which a portion of the substratum is brought into a form capable of 
nourishing the Fungus ; besides this ferment action, fermentation proper then comes 
into play, by means of which the substratum (occasionally to the injury of the Fungus 
itself) is destroyed. The peculiar behaviour of Peronospora (Phytophihoj'o) mfesians, 
which nourishes itself for months in the tubers and green shoots of the Potato without 
causing injury, and finally, as the fruit-bearing organs develope, rapidly extends and 
kills and destroys the nourishing tissue, demonstrates that in this case the same 
Fungus in different periods of life sometimes exerts ferment- actions and sometimes 
promotes fermentation on its substratum. In contrast to the destructive action which 
the Fungi of fermentation and putrefaction in the widest sense exert on their sub- 
stratum, we find, however, a large group of Fungi abounding in species, which, on the 
contrary, influence their living substratum favourably, even promoting their activitj 
ip order the better to make use of them. This is the case with the Lichens k It 


* With respect to the history of the discoveo^ of the tnie nature of Lichens, De Bary expresses 
himself as follows in his lecture, * Ober die Erscheinung der Symbiose'' (Strasburg, 1879% p. 17: — ■ 
*From their (the gonidia) constant occurrence in every Lichen there has long been not the slightest 
doubt that they are organs of these otherwise Fungus-like plants : their resemblance to Algae was 
also obvious, and the Lichens were therefore regarded as a group standing between Algse and Fungi, 
These views obtained a particularly firm basis by Schwendener’s thorough studies into the structure' of 
the Lichen-thallus, from which it seemed to result that the gonidia arise as small branches or as the ends 
of branches of the filaments devoid of chlorophyll. However, several matters still remained obscure. 
In particular, the first origin of the gonidia-bearing thallus from the typical reproductive organs, the 
^pores ; since when these were sown, and the sowing kept under ligorous control, there always arose on 
germination only those temporary Fungus plantlets referred to in the text, and no gonidia-bearing 
Lichen-thallus, and in rare cases where such were obtained on sowing it was not clear whence the 
gonidia -had come. On the ground of these and similar considerations I first expressed in 1866 for 
certain Lichens the hypothesis (based on extensive tmpublished investigations) that they might 
possibly result from the union of a certain definite Fungus with an Alga, The extension of this 
hypothesis to all Lichens was not admissible by the then existing researches, particularly Schwen- 
dener s. Afterwards, when, by the works of Famintzin and Baranetzki especially, the probability 
became more and more prominent that the so-called gonidia are identical with Algae which occur 
independently, Schwendener was enabled by hjs later mvestigations to establish the theory summed 
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will be necessary, however, in order to make clear to the reader the true state of 
affairs in connection with these remarkable plants, to refer very briefly to their 
anatomical structure. It has long been known that the body of the Lichen consists of 
two entirely different forms of tissue: of typical fungus tissue, 'which also produces 
the organs of fructification, and of cells containing chlorophyll, mostly spheroidal or of 
some other shape, which present an unmistakeable similarity to simpler forms of 
Alg^. In the year 1864 De Bary first pointed out that these gonidia, in a certain group 
of Lichens at least (the gelatinous Lichens), may be true Alg^, which, interweaved by 
the hyphm of true Fungi, serve to nourish the latter. This idea, suggested by Be 
Bary, was generalised later by Schwendener; and by means of a series of experi- 
mental works by Baranetzky, Reess, and Stahl, complete certainty was attained- that all 
Lichens are, as a matter of fact, nothing other than Fungi belonging to the subdivision 
of the Ascomycetes, which are accus- 
tomed to '^’^eave themselves around 
Algae, usually microscopically small, 
and entirely to envelope them, so 
that an organism compounded of a 
F^ungus and an Alga arises. Figure 
250 shows, according to Bornet, a 
few examples of the ways and means 
by which the germinal ilaments of 
the corresponding Lichen-fungus lay 
hold of and weave themselves around 
Algae. The Fungi also germinate, 
it is true, in the absence of the 
Algae, but they then perish; and a 
Lichen-body only comes into ex- 
istence when the germinating Fungi 
are able sufficiently early to become 
united with the Algae wdth which 
they are adapted to form- a Lichen, 
since each Lichen-fungus, according 
to its specific nature, is confined to 
certain forms of Algae. 

It has been demonstrated, particularly by Bornet and Stahl, that in consequence 
of the union of Fungus and Alga the vigour of both is promoted. Without going 
further into detail, it is only necessary to mention that the Algae* imprisoned by the 


up in the text. He put aside all at once the matters referred to above as hitherto obscure and 
doubtful. Moreover, direct proof was forthcoming by the method of synthesis : i. e. by the union 
of definite autonomous Algse with suitable Fungi a designed Lichen-thallus was produced. 
Reess and Stahl have now shown that this may be accomplished with comparative ease by observing 
certain precautions.’ 

More details on the Lichens are found in my Lehrhuch* Aufl. IV, pp. 519-330. An interesting 
general description also by Reess, ^ Uberdie Natur der Flechten’* (Berlin, Habel). The highly 
interesting work of Stahl’s referred to is ^ Beitrdge zur Entwickelungsgeschichte der Flcchten^ Heft 2 
(Leipzig, 1877, Felix). Among the finest and most instructive works is that of Ed. Bomet, 
* Fecherthes stir Us Gonidies des Lichetis^ Ann. des sc. nat. 5® sef, Tome XVII, cahier. 



Fro. 2491— transverse sectiow throug^h the foli- 
aceous thallus. o upper, lower epidennal layer: tissue of matted 

fungus hyphse; rr roots ; jr.? cells of the Alga dividing and increasing 
(highly magnified)f. 
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funj^us-tissiiCj in nccordeiiics with the ^^rowth of the whdicj continiieilly iiicrcEiss 
in number by division, and, according to the nature of each Lichen, constitute with 
the fungus-tissue a more or less homogeneous mixture (homoiomerous Lichens), or 
form a layer within the tissue of the Fungufe, beneath the surface of the latter 
(heteromerous Lichens). 

It is obvious that the green Algae in the body of the Lichen act as organs of 
assimilation, exactly as the chiorophyll-Cells in the cortex of a green stem or in a 
leaf. Their products of assimilation serve as nutritive material for the Lichen-fungus; 
while, on the other hand, the ash constituents necessary for assimilation are conveyed 
to them by means of the Fungus. By means of this commensalism, however, the 



FIG. 2jO.— -Various AJgee attacked by Lichen-fungi; the Fungus hyphae are everywhere denoted by A, the Alga-cells 
fgonidia) by A germinating spore of Pkysica parietina, the germinal tube h having fixed itself upon Protococcus 'viridiSy 
B a filament of Scytoncma invested by the hyphaj of the Fungus Stcreocaiilon ramiUosttm, C from the tissue of the 
Lichen Physma ckataga?n(m ; the end of a hypha is penetrating into a cell of the Nostoc. D from the tissue of the Lichen 
Synalyssa sympkorca; the Alga ^ is a Glceocapra. E from the tissue of tlie Lichen Ciadonia furcata, the host Alga g 
belonging to the genus (highly magnified— after Bornet). 

Lichens are now independent of an organic substratum ; ’while all other Fungi are para- 
sites or humus plants, Lichens are able to establish themselves on purely mineral sub- 
strata, or even on the surface of crystalline rocks, since the enclosed Alga makes them 
independent; and when Lichens exhibit a predilection for the bark of trees, this 
certainly does not happen in order to extract their organic nutritive material from 
the bark, but for other reasons. While other Fungi decompose organic substrata, we 
find numerous Lichens capable of decomposing the inorganic substance of stones, 
e. g. granite, in order, like the roots of the higher plants, to obtain those mineral 
matters- which their chlorophyll-cells (the Alg^e in their tissue) require for assimi- 
lation. Inasmuch as these Fungi thus come into connection with certain Algse, in 
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order to be noitrished by them, they obtain a freedom in the choice of their dwelling- 
place which is enjoyed by no other Fungus. 

There is however yet another remarkable consequence which results from 
the commensalism of Fungus and Alga, in that the externa! form of the body 
of the Lichen generally no longer remains that of the ordinary Fungus, but 
behaves rather like that of non-parasitic plants which contain chloropbylL 
It is true there are many so-called crustaceous Lichens which grow closely 
attached to the substratum. But where larger growths more separated from the 
substratum are formed among the Lichens, the restrictive significance of the chloro-' 
phyll for the whole configuration of the vegetable world at once makes itself 
prominent again. The thallus of the Lichen then becomes developed either in the 
form of a flat leaf-like extended plate, as in the so-called foliaceous Lichens, or in 



Fig. 251. — A. Usnea harhata, a fruticose Lichen (natural size). B. Sticta fulnionacea, a foliaceous Lichen 
(natural size) seen from below, a fructification; J " the disc by means of which A is attached to the bark of a 
tree. ... 

the form of a much branched shrubby plant. In both cases the purpose is attained 
of presenting the chlorophyll elements of the Lichen body to the light in thin laminae, 
in order to accomplish the function of assimilation ; for, as was shown in the first 
lectures, it is this principle which dominates the relations of configuration of all 
shoots containing chlorophyll, and as among the higher plants there are massive and 
succulent as well as graceful forms, so also among the Lichens succulent forms, the 
so-called gelatinous Lichens, are found, the translucent bodies of which allow the 
light to penetrate deeper, whereby a looser but more homogeneous distribution of 
the cells containing chlorophyll is possible in them. Thus as we have repeatedly 
found already in Phanerogams as well as Cryptogams, that in correlation with the 
disappearance of the chlorophyll, on the one hand dependence upon organic substrata, 
and, on the other, massive forms of body are produced ; so, conversely, we find here 
in the Lichens that typical Fungi devoid of chlorophyll, in correlation with their 
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commensalism with green Alg^, assume forms otherwise proper only to typical chloro- 
phyll-coiitaining plants. It was certainly this totally different facies of the Lichens 
as contrasted with other Fungi which chiefly contributed to make the new theory 
of the nature of the Lichens so unacceptable to the older Lichenologists. 

Another highly important lesson may be drawn from the nature of the Lichens 
as now understood, namely, that the external form of a plant is not at all de- 
pendent upon its histological nature. Evidently it does not lie in the nature of the 
fungus-hyphse that the frutieose and foliaceous Lichens assume such characteristic 
forms as shrub-like bodies and flat extended surfaces, and still less do the Algse con- 
cerned themselves — h e. when living independently— tend to the formation of bodies 
which assume the forms represented in Fig. 251. These forms however may well 
result from the union of the two, and this chiefly according to the principle that in 
the case of a plant containing chlorophyll it is important to present the green cells 
in a suitable manner to the light and air. Finally, again to mention the fact, the 
commensalism of Fungus and Alga brings about that the former no longer becomes 
differentiated into a mycelium and fruit-bearing organs as is usually the case. In other 
Fungi the mycelium is endowed with the properties of true roots, and penetrates into 
the substratum ’in order to take up nourishment; the necessity for this disappears 
in the Lichens. The Algse contained in the tissue eonstitute the nourishing substratum 
for the hjphse, and they must be exposed to the light and air, and thus, instead of a 
mycelium, a body is developed which is attached to some solid support by organs of 
attachment only at one or a few places, somewhat as in the case of many large Algae. 
These organs of attachment in the foliaceous Lichens may assume the most essential 
properties of roots. 

According to lecent investigations, a commensalism similar to that between Alga 
and Fungus in the Lichens appears to occur also between certain AIgse and various 
simply organised animals. It has long been known that some Rhizopods, Paramaecia, 
Stentors, Vorticellas, the fresh-water Sponge {Spongilla), our small fresh-water Polyp 
{Hydra), and various Rotifera ( Vortex) contain in the transparent substance of their 
bodies green grains which have been supposed to be chlorophyll-corpuscles. Accord- 
ing to a recent investigation of Brandt it appears now that these apparent chlorophyll- 
corpuscles are small spheroidal algal cells provided with a nucleus, and further that 
the animals concerned, when they contain such vegetable cells which are 
capable of assimilation, can dispense with the further absorption of food. These 
animals aie thus nourished like the Lichen-fungi by means of the AIgse imprisoned 
in them. If on the contrary they contain no Aigse, they are necessitated to feed as 
animals in the ordinary manner— i. e. to take up nutritive substances through their 
mouths. 


^ Brandt, ' Uber das Z-manwienlebeti von Thieren und Atgen^ Verhandi. der physiol. Ges zu 
Berlin (Dec. 3, 1881). 
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THE RESPIRATION OF PLANTS. SPONTANEOUS EVOLUTION 
OF HEAT. PHOSPHORESCENCE. 

Plants, like animals, must be continually making exchanges with the atmosphere, 
and be able to absorb its oxygen in order to maintain life. The chemical changes 
and molecular movements of which the life of plants as well as that of animals 
consists, are accomplished only so long as the free oxygen of the atmosphere is able 
to enter into them. If the supply of this gas is cut off from them, the internal 
movements which effect growth cease, and the streaming of the protoplasm in which 
we find the most direct expression of life is brought to an end ; the periodic move- 
ments of foliage leaves and the parts of the flowers cease, and the organs which 
respond to stimuli lose their irritability. If*, when the conditions of vegetation are 
otherwise favourable, the supply of oxygen is interrupted for a short time only, 
the plants still retain their vitality, and the internal and external movements 
brought temporarily to a standstill may return as soon as the access of the oxygen is 
again permitted. If, on the other hand, the interruption of the vital movements 
through lack of oxygen continues for a long time, destructive processes take place in 
the cells in consequence of the so-called intra-molecular respiration, to which I shall 
return subsequently ; the capacity for living is destroyed sooner or later, and a too 
late access of oxygen no longer recalls those peculiar movements which are termed 
vital h 


^ The most essential facts respecting the respiration of plants and its resemblance to that of 
animals had already been clearly recognised by Ingenhouss and Theodore de Saiissure before the 
beginning of this century. The theory was further developed later by Dutrochet, Grischow, Meyen, 
and others. But in consequence of a quite unwarranted dictum of Liebig’s, which struck out the 
respiration of plants from vegetable physiology, the matter simply passed into oblivion, at least 
in Germany, from about 1840, and accordingly the universality of an evolution of heat in living plants 
also was apparently put aside. An extreme confusion of ideas was at the same time, in spite of De 
Saussiire’s clever work, brought about by the fact that, by a scarcely conceivable thoughtlessness and 
obtuseness, people had accustomed themselves to speaking of a double respiration of plants — of a 
So-called diurnal respiration, meaning assimilation, and a so-called nocturnal respiration, by which 
was understood the evolution of carbon dioxide which occurs in true respiration. In spite of 
Boussingault’s splendid work, and Garreau’s repeated and accurate putting of the difference between 
assimilation and respiration, this confusion nevertheless persisted. By means of the very detailed 
collection of the whole of the literature which had appeared up to 1865, and the putting forward of 
the radical difference between assimilation and respiration which I accomplished in my ‘ Handbuch 
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These statements are now to be supported more in detail by adducing the most 
important facts \ 

That the chemical processes and molecular movements which constitute the 
growth of plants only take place when the atmospheric oxygen envelopes them and 
is distributed throughout the organs, was first proved by the investigations of Theo- 
dore de Saussure in 1804, with the caution and accuracy peculiar to this highly- 
gifted experimenter. Dutrochet first showed, however, that air containing oxygen 
diifused in the tissues of the periodically motile and irritable organs is a condition of 
their motility. On the sensitive leaves of a standing beneath the receiver 

of the air-pump, exhaustion at first acted like a mechanical shock : in the vacuum, 
however, they assume a permanent but rigid position. The periodic oscillations are 
suppressed —they are not sensitive to shocks. The irritability and periodic move- 
ments of the leaves return, however, w^hen the plants are subsequently exposed to 
the air again. In the same way, the periodically motile flowers of Leonfodon iaraxa- 
ctan and Sonchus oleraceus became fixed in Dutrochet’s vacuum. According to later 
researches by Kabsch, the stamens of Mahonia and Berberis, which are sensitive to 
contact, are rendered rigid and cease to be irritable when the air under the air-pump 
is much rarified : the same is the case with the stamens of Helianthenum vulgarc. 
On renewed access of air— i.e. of its oxygen— the motility of these organs again 
returns. Kabsch showed that this is due merely to the ox3^gen, by allowing the 
organs mentioned to remain for some time in pure nitrogen. On again exposing 
them -to the atmosphere after 10-15 minutes, they regained their irritability; while 
they lost it for ever on remaining for a longer time in nitrogen. A stay in pure 
hydrogen acted similarly. With respect to the indispensability of an atmosphere 
containing oxygen for the maintenance of the streaming of the protoplasm in cells, 
as well as in the naked protoplasm of the Myxomycetes, Ktihne published detailed 
observations so long ago as 1864. This phenomenon also, according to his 
observations, disappears on the exclusion of atmospheric air, but returns, if it had 
not continued too long, after a few minutes on the access of ordinary air. 

I have given prominence to these facts, because they demonstrate directly and 
without any need of comment the importance of oxygen respiration. As animals 
are suffocated by withdrawal of atmospheric oxygen, so with plants also: their 
functions come to a standstill, and if the respiration is not restored at the right 
time, the standstill in permanent, and death results. It is true, as we shall see 
later, the respiration of plants is far less energetic , than that of w- arm-blooded 
animals, but probably it can be compared in all respects with that of cold-blooded 
animals. 

der Exp. Phys,,’ the path to a correct understanding of the respiration of plants, lost for twenty-five- 
years, was first recovered. Numerous liiore special investigations have since appeared, without, 
however, essentially altering the matter itself; only the so-called intra-molecular respiration, occurring 
in plants just as in animals, can be regarded as an important addition to the facts long known. 

^ What here follows in the text is essentially a short e.xtract from the chapter ‘ Die Athmimg 
der PJlanzen, Wdrmebildung tmd Phosphorescence in my 'Exp. Phys.’ (1865, pp. 263-304). The 
more recent literature is collected in Pfeifer’s * Pflecftzenphysiologie' Of the newer works, Borodin, 

* Sttrla Respiration des Plantes'^ (Florence, 1875), and ' Untersuchungen ilher die Pflanzenathtnung^ 
4n Mem. de I’acad. imp. des sc. de St Petersbourg, VIP Sdr. t. XXVII, No. 4, 1881, are to. be 
mentioned. 
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Like the respirato that of plants also consists in chemical 

exchanges between the oxygen taken up and the organic compounds of the living 
body, so that finally carbon dioxide and water are produced at the expense of these 
compounds. The formation of water at the expense of the organic substance can 
only be demonstrated indirectly by chemical analysis, as we shall see: on the other 
hand, it is one of the easiest experiments in the province of vegetable physiology to 
demonstrate the exhalation of carbon dioxide. In general, the evolution of carbon 
dioxide is the more energetic the more vigorous the vital activity generally of the 
organ observed ; and since the latter increases as a rule as the temperature ascends 
to a certain optimum (say 2 5f>-3oo C.), so also the respiration and formation of 
carbon dioxide increase in a like manner. It is particularly in the processes connected 
with energetic utilisation of material in the growth of seedlings, unfolding buds, and 
especially in flowers, that the evolution of carbon dioxide takes place most vigorously 
and can be observed most certainly. The observer only meets with difficulties in 
determining the changes in the composition of the air surrounding the plant which 
are produced by the respiratory process when he is concerned with organs abounding 
in chlorophyll, wffiich are at the same time exposed to the influence of the light, 
because in this case carbon dioxide is taken up and oxygen evolved in the process of 
assimilation, and thus an exchange of gases takes place which affects the surrounding 
air in a manner exactly opposite to that due to respiration. Nevertheless there is no 
doubt, either theoretically or with reference to Garreau’s experimental results, that 
even green organs occupied in assimilation continually respire in the ordinary 
manner like all other living organs. That green leaves, when not assimilating — 
e.g. in a feeble light, or in . the dark — respire somewhat energetically is established 
with as much ease as in the case .of orgstns containing no chlorophyll. 

If it is required to show that plants or entire organs convert a definite quantity 
of the oxygen of the surrounding atmosphere into carbon dioxide, the simplest 
experimental methods suffice. It is only necessary, for instance, to shut off with 
wetted mercury an ordinary graduated ...absorption-tube, into which a Bean, Pea, 
AcOrn, etc. which is commencing to germinate has been placed, to convince 
oneself, by the absorption with potash of the carbon dioxide found in the tube after 
a few days, of the fact that the whole of the oxygen has been converted into carbon 
dioxide. It is at the, same time observed in this simple experiment that the seedling 
saturated with water, at first, so. long as oxygen is still , present in the absorption^ 
tube, goes on growing, but that after the oxygen is completely used up growth 
■'ceases.'. ■ ■ ■ ■ 

All optical demonstration of the formation of carbon dioxide by respiration may 
be provided still more easily in the, following manner. A glass cylinder of about 2-3 
litres capacity and furnished with a well-fitting stopper is filled with about 400-500 
germinating peas in layers alternating with, damp filter paper; or in the same way 
several hundreds of unfolding flower-buds of Camellia or of some fruit-tree, or the 
unfolding leaf-buds 'of any plant, may be employed. After carefully closing the 
cylinder, it is allowed to stand, for ,10-20 hours. On then carefully and slowly 
raising the stopper, and' slowly lowering a burning taper fastened to a wire into the 
cylinder, the flame and the incandescent wick are extinguished, exactly as if the 
vessel Lad been filled with pure'^carbon dioxide. Carbon dioxide is, as is well known, 
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a very heavy gas which does not immediately pass out of the opened cylinder : hence 
the result of the experiment. In exactly the same manner we may convince ourselves 
by the same means of the respiration of large developing Fungi, as well as of mould 
growing on bread or on a liquid. The enormous energy with which growing plants 
absorb the oxygen in their neighbourhood, and give it back as carbon dioxide, is 
particularly conspicuous in that the whole of the oxygen in an absorption- tube is 
made use of for respiration, as follo-ws at once from the fact that the carbon dioxide 
absorbed by potash after the experiment corresponds exactly to the volume of the 
oxygen origmally present, unless, indeed, it happens that by means of intra-molecular 
respiration, to be described later, an excess of carbon dioxide is found. 

For the purpose of more exact studies as to the carbon dioxide formed by 
respiration, the apparatus here figured may be employed. The two bottles /'and g 

serve as an aspirator, since the 
water iows out from / down to 
whence of course the air which 
enters at z (on the right) must 
pass through the various vessels 
of the apparatus. It is first freed 
from any small quantities of car- 
bon dioxide in the vessel a, which 
contains pumice-stone saturated 
with potash: if the lime-water in 
the task, remains clear, it proves 
that this is accomplished. The 
air thus comes into the receiver 
r quite free from carbon dioxide. 
In this receiver is a trough h 
covered with wide-meshed gauze, 
which touches the surface of the 
water contained in the trough. 
On the gauze lie 20-30 germinat- 
ing seeds of Peas, Wheat, &c., or 
unfolding buds or flowers or suit- 
able vitally active parts of plants generally, from which carbon dioxide is evolved 
by respiration. The receiver c is fixed air-tight on to the glass-plate k. The 
air, now laden exclusively with respired carbon dioxide, streams through the two 
flasks and e containing lime-water. The carbon dioxide is nearly all absorbed 
in *i. e. a white precipitate of calcium carbonate is formed — and usually, when 
the air only streams slowly through the apparatus, scarcely any further precipi- 
tate of calcium carbonate results in the second flask .<?, Should this be the case, 
however, a third flask must be interposed. The calcium carbonate is now collected 
on a filter, and from its weight the quantity of carbon dioxide developed in the 
plants is calculated. Another form may also be given to the apparatus by replacing 
the two vessels a 3 as well as the flasks d e with Liebig’s bulbs filled with potash 
solution. The chief point is that in this apparatus new air containing oxygen is 
continually supplied to the plants, and the carbon dioxide formed is removed, so that 
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the plants can respire in a normal atmosphere, and we are at the same time able 
to determine the amount of carbon dioxide respired from time to time, without the 
plants themselves being thereby destroyed. 

In the course of very numerous investigations on the respiration of plants, various 
observers have made use of several different kinds of apparatus, which however 
mostly do not offer the advantages mentioned, and do not allow of a long-continued 
normal growth of the plants in the apparatus. 

It would carry us much too far for my purpose to quote even abstracts of the 
experiments, but the general results obtained from the numerous experiments may 
well be referred to. 

With respect to the absolute magnitude of the respiration — i. e. the quantity of 
carbon dioxide which is expired by a definite weight or volume of plant-substance 
— Garreau found for example that twelve buds of Syringa mlgarls, which when 
dried at iio°C. weighed two grams, exhaled 'jo c.cm. of carbon dioxide in twenty- 
four hours, the leaves having unfolded during the experiment. In the same way five 
buds of jEscuIms macrosiachya^ the dry weight of which amounted to ©-85 gram, 
produced 45 c.cm. in twenty-four hours, the leaves having unfolded in this case also. 
Garreau further sowed seeds in fine sand, moistened with rain-water, and then 
brought the seedlings, deprived of the seed-coats, under the receiver, where the 
carbon dioxide exhaled at 16° C. was determined. Seedlings of Fapaver somm/erumy 
which weighed 0*45 gram when dried subsequently, evolved 55 c.cm. of carbon 
dioxide in twenty-four hours; and in the same way seedlings of Sinapis nigra^ 
the dry weight of which was 0*55 gram, evolved 32 c.cm. of carbon dioxide in 
twenty-four hours,. 

Charles Lory investigated phanerogamous parasites — Orobanche, Lafhrm^ and 
the humus plant Neofiza, which contains small quantities of chlorophyll, and fpund 
that they are always taking up oxygen and exhaling carbon dioxide. At i8^C. 
Orohanche Teucrii in full bloom used up its own volume of oxygen in thirty-six hours 
— i. e. 4.2 c.cm. per one gram of substance, corresponding to a loss of 2*26 mgr. 
of carbon. 

The activity of the respiration — i. e. the carbon dioxide exhaled in a given time 
by a certain weight or volume of living plant- substance — varies according to the 
state of development, the activity of growth, and according ,to the vitality generally of 
the part of the plant concerned. At the commencement of the germination of seeds 
and buds, therefore, but little carbon dioxide is at first disengaged: its quantity 
increases with progressive development, to diminish again later, when the material 
for respiration in the interior ofthe organ begins to fail. The activity of respiration, 
in fact, does not depend upon the total mass of substance which may happen 
to be present in the plant, but upon how large a quantity of it is being 
immediately employed in growth and other vital processes. When such material 
begins to fail, the energy of respiration diminishes also. 

Since not only growth but also all other functions which depend upon respira- 
tion become more energetic as the temperature rises up to the optimum, so also 
the carbon dioxide exhaled increases, other relations being the same, as the temper- 
ature rises, reaching its maximum at , the optimum temperature. 

, : The. energy of respiration of an organ also varies according to its physiological 
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nature. Even De Saossure found that the respiration of flowers is more energetic 
than the green leaves of the same plant, weight and Volume being equal The 
respiration of leaves, however (in the dark), again transcends that of shoot-axes and 
fruits. To mention a few examples only ; he found that the flowers of Lilium 
candidum consumed five times their volume of oxygen in twenty-four hours, while the 
leaves, on the other hand, only consumed 2*5 times their volume. In Passiflora 
serrah/oim ihQ relation of flowers to leaves was 18-5 to 5*25, and §0 on. Even th^ 
individual parts of flowers respire with different energy ; thus, De Saussure found as 
follows : — 


Cticurhiia Melo-Pepo, 

V olume of oxygen consumed 

In 10 hours. 

compared with that of 
the organ— I, 

Male flowers , . ... 

• ^ r 

Female flowers . . . • . 

• 3'5 

Anthers (separated from their bases) 

. 11*7 

Stigma (separated from ovary) 

• • , 4*7 ■ 


In general, with normal conditions of respiration and sufficient access of 
oxygen, the volume of carbon dioxide exhaled is equal to that of the oxygen taken 
in, as De Saussure had already found. The same investigator also showed, however, 
as long ago as 1804, that in the germination of fatty seeds this equivalence of volume 
no longer exists: the volume of exhaled carbon dioxide is in this case smaller than 
the volume of oxygen taken up. A portion of the latter, in fact, is not used for 
respiration in the narrower sense of the word, but for the formation of carbo-hydrates 
at the expense of the fats present, remaining meanwhile as a constituent of the sugar 
in the plant. 

It is clear that the carbon contained in the exhaled carbon dioxide can only 
be derived from the substance of the plant itself, and that a diminution of the 
carbon contents of the plant must thus be effected by respiration. Now this carbon 
exists in the plant in the form of carbo-hydrates, fats, and proteid substances, Thus 
if a part of the carbon escapes from these chemical compounds in the form of 
carbon dioxide, they must suffer a profound decomposition which we may in 
general term combustion ; and according to Boussingault's investigations, no doubt 
remains that in this combustion, as is to be expected, water also is formed from the 
‘organic substance. The loss in organic substance by means of respiration may, 
under certain circumstances {e. g. during advancing germination in the dark, when 
no replacement by assimilation takes place), even go so far that more than half the 
organic substance is destroyed by respiration. In other words, the. organic substance 
of a seedling grown in the dark until it is completely exhausted, at last w^eighs only 
half as much as the organic substance of the seed employed for germination, or even 
less, and there is no doubt whatever that matters are exactly the same in the shooting 
of buds and in growth without assimilation generally. 

From the investigation of Boussingault, “however, results further the highly 
itaportant fact that this combustion effected by respiration concerns only the non- 
nitrogenous constituents of the assimilated substance ; and since the fats are con- 
verted into carbo-hydrates in metabolism, one may say only these latter are burnt to 
carbon dioxide and water in respiration. This conclusion is fully warranted by 
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the fact that even in prolonged respiration accompanied bj great loss of substance, 
no loss in nitrogenous assimilated material — i e. of proteid " substances— is to be 
detected. And this result is so much the more remarkable since we have every 
reason to assume that it is strictly in the nitrogenous substance of the protoplasm 
that respiration directly occurs. Like all the vital phenomena of plants, respiration 
also is brought about by means of the protoplasm : however, the protoplasm only 
initiates the process, and is not itself injured in constitution by it. 

Some light is thrown upon this remarkable behaviour of the protoplasm in 
respiration by the recent researches on so-called intra-molecular respiration k 
Grischow noticed so long ago as 1819 that in the respiration of Fungi, more carbon 
dioxide is occasionally evolved than accords with the oxygen absorbed. In my 
laboratory, also, other researches showed that occasionally portions of plants of 
various kinds go on evolving carbon dioxide even when they are unable to take up 
oxygen. These facts first gained in general interest however when Pfliiger observed 
in 1875 that frogs not only go on living for some time when they remain in an atmo-* 
sphere devoid of oxygen, but they also exhale carbon dioxide. Pfliiger concluded 
from this that both constituents of this gas must be derived from the organic substance 
of the frog itself ; in other words, that the molecules of the organic substance undergo 
a decomposition, even without the access of oxygen, of such a kind that atoms 
of carbon and of oxygen come together within these molecules themselves to form 
carbon dioxide, which is then exhaled. This process is termed by Pfliiger intra- 
molecular respiration. There can be no doubt that the evolution of carbon dioxide by 
plants in a space devoid of oxygen, which has long been observed by us, depends on 
the same process of intra-molecular respiration ; since from all the facts known to us 
the respiration of plants agrees with that of animals point for point. After having 
convinced myself that seedlings which remained for days in an atmosphere devoid of 
oxygen evolved carbon dioxide and ceased to grow, but on being planted in the earth 
again lived and grew vigorously, I requested Dr. Wortmann in 1878 to undertake a 
thorough investigation of this question in my laboratory. This was done with skill 
and judgment. His experiments with seedlings, flowers, and growing stems were made 
for the most part in the Torricellian vacuum, and yielded the following important 
results : i. the intra-molecular respiration during the first few hours yields just as much 
carbon dioxide as does respiration under the influence of the atmosphere containing 
oxygen : 2. the energy of the intra-molecular respiration sinks considerably, even 
after a few hours, thus showing an abnormal condition of the plant as contrasted 
with normal respiration. This fact is, I believe, decidedly opposed to the view 
established by Pfefter, to the effect that respiration is identical with alcoholic 
fermentation. This view is, of course, supported by the fact that the most various 
parts of plants on being excluded from oxygen, produce small quantities of alcohol, 
besides disengaging carbon dioxide. But, apart from the fact that this production 


^ On intra-molecular respiration cf. ^ Das Warn zmd die Bedcutung de7^ Aihmwig in 

der PJlanze^ in 'Landw. Jahrb.' (Berlin, 1878). Julius Wortmann, ' Uber die BezieJnmg der inti'a- 
tnoleculare zur nortnalen Athifiung der PJlanzen^ in ‘’Arb. d. bot. Inst, zu Wurzburg’ (1879), II. B, 
p. 500. Eriksson, ^ Uber War7?iebildung durch intramolemlare Athmung, in ^ Untersuchungen aiis 
dem bot. Inst, zu Tubingen’ (Leipzig, 1881). 
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of alcohol under the circumstances named in the higher plants has never yet been 
quantitively determined, emphasis must be laid on the fact that wherever alcoholic 
fermentation has been observed in the absence of oxygen (of course apart from 
the Ferment-fungi) objects have been exposed which have not merely undergone 
intra-molecular respiration for 1-2 hours, but have been cut off from the access 
of atmospheric oxygen for days or weeks. Now Wortmann shows (though he 
himself inclines to Pfeffeds view), that after the first few hours the intra-molecular 
respiration already indicates an abnormal condition of the -plant, whence 1 draw the 
conclusion (to which Naegeli and Borodin had already arrived in another way), that 
the formation of alcohol in the absence of oxygen is an abnormal process throughout, 
and has nothing to do with ordinary respiration. 

The most important fact, however, and one which must never be lost sight of in 
comparing intra-molecular and normal respiration, lies in that intra-molecular 
respiration cannot provide the forces necessary for growth and the motility of irritable 
organs. So long as the access of external oxygen is excluded, the plants are im- 
movable, rigid, and growth comes to a standstill : a point to which Wortmann has 
already referred at the conclusion of his excellent work. 

The true meaning of respiration, however, still remains unexplained. Never- 
theless, so much is established, that it is a function of active living protoplasm. 
Since although it results from BoussingaulFs investigations that carbo-hydrates only 
are consumed in normal respiration, this takes place on the other hand only when 
they are exposed to the influence of living protoplasm. And that it is not in any 
way the proteid substances, regarded as chemical compounds, which maintain the 
respiratory process, results directly from the fact that in non-organised proteid 
substances neither normal nor intra-molecular respiration is to be observed. Dormant 
protoplasm never respires. It is, on the contrary, a property of active and living 
protoplasm to respire; or, perhaps better, the respiratory process is the first and 
most fundamental expression of the vital processes in protoplasm. The substance 
of what intra-molecular respiration teaches, according to the facts established by 
Wortmann, is that it is not the oxygen penetrating from without which gives the 
first impulse to the chemical changes of respiration ; but that primarily, and in the 
protoplasm in the first place, a decomposition of the molecules of the proteids 
occurs, which terminates with the formation of carbon dioxide; that, however, by 
means of the entrance of oxygen from without a restiiutio in mtegru?n takes place, 
when a carbo-hydrate, and especially sugar, is consumed. 

These are, moreover, only preliminary attempts to obtain an insight into the 
process of respiration. It is certain that numerous patient and laborious investiga- 
tions w-ill yet be necessary ere we attain complete clearness as to these matters. 

While hitherto the evolution of carbon dioxide, and (as we are w^arranted in 
assuming from Boussingault's researches) the fonnation of w'ater from the organic 
substance, have been placed in the foreground as expressing the activity of respiration, 
only the terminal result of the process is intended to be thus characterisod. That 
a long series of chemical processes in addition are first induced in the plant by 
respiration, on which the whole vital process finally depends, there can be no doubt 
whatever. We may perhaps regard the formation of those acids which abound 
in oxygen at the commencement of germination, and likewise in shooting buds, as 
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the most obvious indication of the processes of oxidation connected with normal 
respiration ; and that these oxy-acids, which evidently arise at the expense of the car- 
bohydrates and fats, in their turn constitute important points in the complex of vital 
processesj may be concluded from the universality of their occurrence. jMorcover, 
Hugo de Vries' idea that the vegetable acids play an important part in the turges- 
cence of the cells, and therefore in growth also, is scarcely to be put aside. Gn the 
one hand it is a direct or indirect consequence of the process of respiration that in 
germination and in the growth of buds also, compounds containing very little or no 
oxygen arise from the splitting of carbo-hydrates and fats, since it is only during 
normal respiration and the growth depending upon it that resins and ethereal oils 
are formed. There is nothing extraordinary in the view that by means of a process 
of oxidation (and respiration is a very intense process of oxidation) compounds poor 
in oxygen as well as those abounding in it arise ; but of course further investigations 
will first have to render clear the details in these processes. 

It may appear absurd that plants which decompose carbon dioxide by means of 
their organs containing chlorophyll, in order to produce carbonaceous vegetable 
substance, on the other hand destroy such carbonaceous substance again during their 
whole life by means of respiration, and thus effect a loss of the capital gathered 
together by themselves. It may have been this reflection which drove so keen 
a mind as that of Justus von Liebig to the quite unwarranted decision that no 
respiration at all takes place in plants. Bat \vhat was said at the beginning of this 
lecture leads us to the right conclusion, in opposition to Liebig's, which depended 
upon mere perplexity. It is in fact not simply a matter of accumulating a quantity 
of organic vegetable substance by assimilation, but rather, this gain in substance is 
only to serve the purpose of promoting the vital processes. Starch, fats, and proteid 
substances are of course products of assimilation, but by and for themselves they are 
inert material, just as bricks and mortar constitute merely the material for the con- 
struction of a house. For these to be set in motion, and for the structure actually 
to come into existence, moving forces are necessary, and it is respiration 'which 
provides these in the organism. The loss of substance which results in addition 
from respiration, serves to develope mechanical forces by means of which the atoms 
and molecules of the remaining substance are set in those movements from 'which 
growth and the other functions of the living plant result. In a word, respiration is 
the source of the energy from which all the phenomena of life derive their vital 
forces; while assimilation in the organs which contain chlorophyll supplies the 
materials which are subsequently to be set in motion for the purposes of life. 
This, expressed quite generally, is the physiological signiflcance and object of 
respiration, and it is certainly not too dearly bought by a relatively small loss of 
substance. 

In respiration, as we have seen, carbon dioxide and water are produced at the 
expense of organic substance. This process, according to a general law of nature, 
is connected with the development of heat As in every other process of combustion 
of carbon -and hydrogen to carbon dioxide and water, so also in respiration a 
definite quantity of heat must be produced, though not exactly the same quantity 
as when carbon and hydrogen in the elementary state burn with oxygen, since 
a portion of the heat-producing force is destroyed in the former case, because 
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the carbon and hydrogen must first be torn asunder from their molecular combi- 
nations. In any case, so much is certain, that heat is produced by respiration in 
the plant, just as the heat of the animal body is produced by respiration. While 
this remark depends on general natural laws, it may appear somewhat paradoxical 
that respiring plants possess either only the temperature of their environment, 
or, if living in the open air, may even be cooler than it is. On closer con- 
sideration, however, this result is seen to be quite natural, since the temperature 
of a body depends not only upon the heat developed in it, but quite as much upon 
the causes which carry away this heat, and thus effect cooling. Apart from special 
cases, it is the cooling influences which are particularly energetic in plants, because 
the very large surfaces and relatively small mass facilitate the exchange of heat 
with the environment. In submerged aquatic plants and subterranean organs 
every increase of temperature produced by respiration is very easily equalised 
by means of the bulky surrounding medium, so that such parts of the plant 
exhibit simply the temperature of the environment. Leaves and their shoot-axes 
in the open air, however, are more exposed to cooling than these. They lose such 
considerable quantities of heat, not only by radiation, but also by the absorption 
of heat in the formation of aqueous vapour, that they are usually colder than the 
surrounding air. During clear nights the temperature of the leaves may fall by 
radiation several degrees below that of the air; and when the latter is some 2 or 3° 
above zero, for instance, the former may cool down 3 or 4° below zero, and the 
aqueous vapour of the surrounding air be precipitated in the form of ice crystals 
(hoar frost) on the plants. On the other hand, the leaves may be even warmer than 
the surrounding air in strong sunshine ; and this of course does not depend upon 
respiration. In observing the temperature of the wood of trees earlier observers 
allowed themselves to fall into much confusion. They found, for instance, that the 
temperature of the wood at night is higher than that of the surrounding air, and 
many held this to be an indication of spontaneous heating, although, as later and 
more exact observations showed, this phenomenon, as well as the opposite difference 
of temperature in the day, depends simply upon the slow conduction of heat by 
w^ood. As a matter of fact, also, the wood of a tree is the least suitable of all 
materials for the observation of the spontaneous heating of plants; since in the 
wood, apart from the relatively small quantity of parenchyma, respiration (and con- 
sequently also spontaneous heating) does not occur. 

However, if cooling— i.e. the removal of the heat of respiration— is prevented, 
it is easy to demonstrate rises of temperature in the most various parts of plants by 
means of suitable thermometric observations. The fact longest known in this 
connection is the rise of temperature, often very high, of germinating barley in the 
preparation of malt: here the respiring seedlings are accumulated in large quantities, 
and protected from cooling to any great extent. Gdpperf s experiments made in 
1832 with various seeds, bulbs and tubers, depend on the same principle: the 
seeds etc. were accumulated in large quantities, and rose in temperature several 
degrees, though great sources of error were overlooked. Evidently it is not sufficient 
simply to accumulate large quantities of germinating seeds, bulbs and tubers in 
the neighbourhood of a thermometer ; it is also necessary to afford access to the 
atmospheric air in the process, in order that respiration may proceed. This may 
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be accomplished by means of the simple apparatus here figured. The bottle/' con- 
tains a strong solution of potash or soda 4 which absorbs the carbon dioxide liberated 
in respiration. In the opening of the bottle a funnel r is inseited, in which a large 
number of germinating seeds or flower-buds are contained. The bell-jar g Is for the 
purpose of preventing the radiation of the heat, without however excluding the access 
of the atmospheric air, which can enter at the lower margin of the bell-jar, as well as 
through the pad of cotton-wool w, A thermometer / is pushed through the latter, so 
that its bulb is immersed among the respiring plants. For observation two such 
pieces of apparatus should be arranged close together in a chamber, the thermometers 
being previously compared. In the second apparatus, the funnel r is loosely filled 
with moist filter-paper instead of with portions of plants, etc., in order to establish 
similar conditions of evaporation and 
radiation. In order still more to regu- 
late the evaporation, a divided glass lid, 
through the central hole of which the 
thermometer passes, is laid on the 
funnel r. The apparatus, as well as 
the parts of plants experimented with, 
should have been already exposed to 
the temperature of the space in which 
the observation is made for several 
hours before the commencement of the 
experiment. 

By these means, with temperatures 
favourable for vegetation, I succeeded in 
observing a spontaneous heatingof i’5®C. 
in the case of 100-200 germinating Peas 
as their roots developed. The anthers 
of a Gourd caused the mercury of a 
somewhat large thermometer, the bulb 
of which touched them on one side 
only, to rise through 0*8° C. A single 

flower -head of Onopordon acanthium fig. 253.— Apparatus for observing- the spontaneous heating 

^ of germinating seeds and flowers. - 

showed a spontaneous heating equal to 

072'^ C.j and the stamens of a single flower of NymphcBa siellaia showed a rise 
of temperature of 0*6° C. Numerous flower-buds of Anthemis chrysolotca^ heaped 
round the bulb of the thermometer, were heated through i*6° C. during the unfolding. 
In large, vigorously developing Fungi, it sufficed to push a thermometer into their 
. substance to observe the rise of temperature. 

The apparatus for observing respiration figured above (Fig. 252) may also 
be employed for these experiments, if a thermometer is inserted in the bell-jar c, so 
that its bulb is immersed among the respiring plants. 

The idea that the spontaneous heating of plants is a consequence of respiration 
was expressed by Theodore de Saussure so long ago as 1822; although his own 
thermometric observations on flowers afforded no very satisfactory results, because 
they were made in the open air. 
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The spontaneous evolution of heat is very easily observed in a most instructive 
manner in the inflorescence of the Aroidege. Nature has here brought together 
in a confined space a large number of very actively respiring flowers. The 
rise of temperature of such inflorescences, especially when large, amounts to 
4 or 5 to 10 or 12 or even 15 and more degrees Centigrade, and therefore may 
be perceived by the senses even without the thermometer. Older observers had 
already made close observations on these exceptionally favourable objects as to 
the relation between the respiration of oxygen and the evolution of heat: we owe 
the most exact of these to Garreau, who has done much for the theory of respiration. 
He found in the inflorescence of Arimi Italicum^ for example, a spontaneous heating 
of 3*2° C.; 1 1 ’I c.cm. of oxygen being respired by i gram of substance in one hour. 
The same spike showed a spontaneous heating of 8*3° C., i gram of the spike con- 
suming 28*5 c.cm. of oxygen (i.e. converting it into carbon dioxide) in one hour. 
These examples at any rate show that the respiration of plants may under certain 
circumstances reach an intensity which may be compared with that of warm-blooded 
animals. 

In large single flowers like that of Victoria regia, as well as in the flowering 
spikes of Arbidese, we find during the period of spontaneous evolution of heat, first 
arise of temperature up to a maximum, and then a decrease in the spontaneous 
evolution of heat, evidently in consequence of the advancing development Observers 
give in addition also periodic oscillations of the spontaneous evolution of heat, the 
true nature of which, however, has not yet been explained. 

Since respiration, like every other vital process, obtains in intensity as the 
temperature increases, until an optimum of the latter is attained, it follows that the 
spontaneous evolution of heat at higher but favourable temperatures of the surrounding 
air must be more intense than at lower temperatures of the latter; and when the 
temperature of the environment is so low that growth and respiration do not occur at 
all, it is obvious that no spontaneous evolution of heat is to be expected. These 
theoretical results find their confirmation in the observations before us.- 

The observation of the rise of temperature in the respiration of green shoots is 
more difficult than in the cases hitherto referred to. Dutrochet in 1840 employed for 
this purpose a thermo-electric pile of great delicacy, by means of which he succeeded 
in demonstrating in the interior of individual growing shoots rises of temperature of 
^Tg-th and of a degree. He found the greatest rise always in the case of 

unfolding buds, which of course was to be expected. 

From the point of view of purely scientific discovery, however, all these observa- 
tions have relatively little value, and I have only introduced them in confirmation of 
the theoretical results. Much more important w-ould be the determination of the 
quantities of heat, expressed in thermal units, produced by the consumption of a 
known quantity of oxygen in respiration. 

As already said, the production of heat is a universal and necessary consequence 
of respiration. In rare cases, however, the production of light, or phosphorescence, 
also occurs. Avoiding here many extremely doubtful statements, I confine myself 
to mentioning several cases of luminous Fungi established by good observers, where 
it is essentially a matter of showing that phosphorescence may be a consequence of 
the respiration of living plants. In this connection, the illumination of the ' Rhizo- 
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;morpHs/ the mycelium, of a tree-killing Agaric. nieMem) has been longest 

known. Tulasne mentions, as examples of spontaneously iuminoiis Fungi, Agaricus 
igneus from Amboyna, A. nock'lucens from Manillayand A. .Gardfieri from Brazil. The 
best investigation of the spontaneous luminosity of such Fungi was supplied in 1855 
by Fabre in the case of Agaricus olearius. This golden yellow Fungus grows 
throughout Provence at the foot of olive trees in October and November. Accord- 
ing to Delile and Fabre only its hymenium is luminous, and not the white spores. 
According to Tulasne the stem also, at least here and there, is in many cases 
luminous ; and even the interior of the Fungus is said to develope light, according 
to him. Fabre, who made his observations at a lower temperature of the air, 
could not detect this. The observers mentioned, however, agree that the Fungus is 
only luminous during its period of vegetation, and that the phenomenon ceases at 
death. Even very young specimens are actively luminous, and they retain this 
property so long as they live. Fabre describes the light as steady, white and 
homogeneous, resembling that of phosphorus dissolved in oil His observations 
were made in November, at io®-i2°C. ; and he first established that the Fungus 
is luminous during the day as well as at night, as had already been shown by 
Schmitz to be the case in the Rhizomorphge. A previous exposure to sunlight .has 
no noticeable influence on the subsequent luminosity in the dark, and the degree 
of moisture of the air likewise seems to have no perceptible effect. The Fungus is 
luminous in rainy weather and in dry, and is just as luminous in air saturated with 
vapour. If it is dried to such an extent that death ensues, however, the luminosity 
ceases. In the case of the Rhizomorphs, according to Tulasne, this takes place 
sooner. At temperatures lower than 4- 4° or + 3^C. the phosphorescence is very 
quickly lost, but returns again when the temperature of the air rises. The maximum 
of luminosity is reached at C., and is not increased by further heating. If 

plunged into warm water, the Fungus retains its luminosity; but as soon as the 
temperature rises to 50° C., the luminosity disappears for ever, the Fungus being 
then killed. 

In water containing air the phosphorescence is as pronounced as in the air; 
but if a luminous Fungus is plunged into boiled water, the luminosity ceases almost 
instantaneously, returning, however, when the Fungus is withdrawn and brought into 
the air. The phosphorescence is immediately and completely extinguished in a 
vacuum, in hydrogen gas, and in carbon dioxide. After remaining for several hours 
in a vacuum or in these gases, the Fungus at once regains its light on being again 
brought into the air : a longer stay in carbon dioxide injures it however. In pure 
oxygen the light does not become more pronounced : on the contrary, it is enfeebled 
after thirty-six hours in this gas. The most important fact discovered by Fabre is 
that Agaricus oleariits in its phosphorescent condition forms much more carbon 
dioxide than when it is not luminous. The pileus with its lamellae in pure oxygen at 
I2°C. yielded, in thirty-six hours, 4*41 c.cm. of carbon dioxide for each gram of its 
weight : a gram of non-luminous substance only yielded 2*88 c.cm, of carbon 
dioxide. On the other hand, on treating a luminous piece of Fungus in the same 
way at a lower temperature, where the luminosity ceased, this yielded in forty- 
four hours for each gram of its substance, only 2*64 c.cm. of carbon dioxide; and 
another piece, not luminous at all, 2*57 c.cm. Hence the substance capable of 
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luminosity, when prevented from emitting the light, exhaled only as much carbon 
dioxide as the substance which is not luminous at all. 

Fabre concludes his work with the remark that phosphorescence is the effect of 
the respiratory activity of the Fungus, and depends upon the same causes as the 
spontaneous evolution of heat at the time of flowering in certain parts of Phanero- 
gams, particularly the Aroideae. Nevertheless, it must be allowed that very peculiar 
arrangements must exist for light to be a consequence of respiration in the Fungi, 
since the flowers of the Aroideas, and even those of Cucurbita, form relatively far 
larger quantities of carbon dioxide, and develope heat without being luminous. The 
taking up of oxygen is evidently only one of the various causes the co-operation of 
which produce luminosity. 


PART IV. 


GROWTH. 



LECTURE XXVL 


THE DISTRIBUTION OF THE PHASES OF GROWTH IN SPACE 

AND TIME. 

At the beginning of any new period of vegetation the buds of trees, sub- 
terranean rhizomes, bulbs, and tubers put forth new foliage-shoots and often 
flowering stems also : in a relatively short time the previously naked trees are 
covered with green foliage, and the meadows, gardens, and fields with flowering 
plants. The plant-substance, which together with large quantities of water 
affords the constructive material for this rapid growth, has been produced in 
the previous period of. vegetation by means of assimilation, and stored up in 
the wintering organs of the plant in the form of reserve-materials, now to be made 
use of for growth. 

But even the organs themselves, the foliage and flower-shoots which make 
their appearance during the first warm days of the spring, had already been produced 
in the previous summer and autumn ; but, small and in part even microscopic in 
size, had passed into a condition of rest before further development. With the ; 
beginning of the new period of vegetation they renewed their activity; in a word, 
the organs themselves, as well as the materials necessary for their further growth, 
passed the winter in an undeveloped, embryonic condition. It is the same also 
in the case of seeds, which contain in addition to the young developing or<yans 
of the embryo the nutritive materials for their first growth also. 

The new germinal and foliage-shoots and flower-stems having been formed 
then in the spring at the cost of the reserve-materials preserved through the 
winter, and a widely-spread root system having been developed in the soil, . 
assimilation — i.e. the formation of new plant-substance — ^is renewed; and according 
to the nature of the plant, this is soon again employed for the formation of new 
organs, or deposited in the reservoirs of reserve-materials for the next year, or 
both processes are combined in very various ways. 

It is easy to conclude from these remarks, which lend themselves directly to 
the inference, that nutrition and" growth need not coincide either in time or in 
space. Nutrition — i. e. the production of vegetable substance — is usually carried on 
most energetically at a time when the growth of the organs in the main has already 
taken place ; and we find the most vigorous growth taking place at the beginning 
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of a new period of vegetation, without nutrition occurring at the same time. This 
fact may perhaps be demonstrated still more plainly by simply allowing seeds, 
tubers, and bulbs, thoroughly saturated with \?ater, to lie or hang in moist air, 
where the germinal shoots and roots make their appearance, and grow up to a 
certain point, without taking up nutritive substances from without, but only mth 
the aid of the respired oxygen and the heat supplied by the environment 

-'Growth and nutrition thus by no means coincide: but it is self-evident that 
growth can only occur if constructive materials— plant-substance capable of 
organisation — are already present. It follows from this fact, that we can never 
infer simply from the occurrence of growth a simultaneous occurrence of nutri- 
tion ; and in the same way it is by no means to be concluded from the fact that 
nutrition is proceeding, that the organs of the plant are at the same time growing. 
This appears most evidently in the organs of assimilation — the green leaves them- 
selves — the nutritive activity of which only predominates w^hen they are themselves 
completely developed. If, now, the grow'th of a single leaf, a shoot, a flower, or of 
any other organ is observed from its origin up to the moment when it is completely 
developed — the developmental history, as it is usually termed— two points are 
noticed, viz. on the one hand the volume becomes larger and larger, until it finally 
attains a definitive size and increases no more; and, on the other hand, the form 
of the organ, at first sketched out only in its coarsest outlines, so to speak, becomes 
further developed and more finely elaborated during the increase in volume, until 
finally its definitive form is perfected. 

Growth is thus an increase in volume, closely combined with a change in form. 

It may perhaps contribute to the elucidation Of the idea if we compare the 
growth of a plant thus defined with that of a crystal, on the one hand, and with 
that of an animal on the other. 

In the case of the crystal, two points are also to be distinguished in the 
growth: the increase in volume, and the formative forces. From the material in 
a dissolved, or fused, or even gaseous state, minute and scarcely visible crystals 
are formed, which then increase in size. But in their growth the geometrical 
form given from the first remains unaltered, and the increase in volume is not, as 
in the case of plants and animals, a specifically limited one. Under favourable 
circumstances a crystal may go on growing further and further; it is never, like 
an organ, 'fully grown,’ Moreover, the mode of growth is essentially different; 
for in the first place a crystal takes its origin from amorphous fluid matter, and 
then grows by means of the deposition of new, minute, invisible particles on its 
surfaces. A vegetable body, on the other hand, never originates directly from 
a fluid, but always as part of an existing and already formed plant-organ; or, if 
one will so express it, all crystals arise by ' spontaneous generation,’ which is never 
the case with organisms. Crystallisable substances may completely give up their 
form on solution, fusion, or evaporation, and assume it again, under suitable external 
conditions : organisms, on the other hand, exhibit an uninterrupted continuity of their 
existence. The substance of a plant or of an animal dissolved and in an amorphous 
condition never resumes the organised form : this only proceeds from an organised 
substance already present. 

With reference to the increase in volume, also, a fundamental difference exists 


I 


! 



COMPARISON OF THE GROWTH OF CRYSTALS^ PLANTS, AND ANIMALS. 415 

between organs and crystals, in that the enlargement of a cijstal takes place by the 
deposition of new substance at its surfaces; whereas the plastic substance serving for 
the growth of the organ is present in its interior, and is conveyed to it in tenia! ly from 
other organs. Organs grow not by apposition, like crystals, but by intussusception : 
.their growth is an extension acting from within. 

Nevertheless we have cause to assume that, apart from all external matters, even 
the growth of the organs of the plant — namely, their elementary structures, cell- walls, 
protoplasm, and nucleus — depends fundamentally on forces which correspond essen- 
tially with the forces of crystallisation; only that here, since the supply of substance 
capable of being organised takes place from within, complications which are not easily 
intelligible present themselves. If the comparison here pointed out meets the case, it 
must be mentioned that only the smallest particles of a cell-wail, protoplasm, or 
nucleus (the Micellce of Naegeli) grow after the manner of crystals; and thus, not the 
external form of an entire plant-organ, but the invisible structure of its elementary 
constituents might be immediately referred to the forces of crystallisation. Naegeli 
has undertaken, in a long series of important researches, to follow up and explain 
further these (his own) ideas. His theory of growth by intussusception is concerned 
in the first place with the question how the smallest invisible elements of the organised 
parts of plants grow. It is clear, however, that only one who is familiar with all the 
details of the internal and external structure of vegetable organs can be in a position 
to enter intg the questions here raised. Moreover, the theory of intussusception has 
by no means as yet attained to that degree of clearness which renders it possible 
to explain in detail from it the growth of vegetable organs— leaves, roots, &c. I 
renounce, therefore, in the interest of the reader, even an attempt in this direction, in 
the conviction that the mere mention of this problem suffices to indicate the difficulty 
of the task with which the theory of growth has to do: meanwhile we will keep 
more to the surface of the matter, and attempt to make clear those processes of the 
growth of the organs which are immediately perceptible to the senses. 

The growth of the plant has been so far compared with that of the crystal. In 
the essential points of comparison animals agree with plants. Comparisons between 
the two kingdoms of organised beings, however, again yield some important differ- 
ences. Apart from a few of the most simply organised forms, animals attain by means 
of their growth a definitive condition, of such a kind that in a fully grown animal 
all the organs are fully developed, each contributing by its physiological labour to the 
maintenance of the entire body : the completely developed animal consists of com- 
pletely developed organs, each performing its functions to the utmost. The case is 
quite otherwise with plants.’ They are never completely developed. It is true we 
find on every living plant completely developed parts, but besides these there are 
always present in addition the rudiments or beginnings of new organs, capable of 
further development. 

A plant without those growing-points which effect further development is no 
longer a normal plant. Moreover, even the ctit-off parts of living plants are very 
often able to originate new growing-points of like kind. 

The continuity of animal life (apart from some plant-like lower forms) is 
brought about by means of continually repeated reproduction, the single individuals 
having normally only a limited and often very short period of life. Something 
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similar occurs, it is true, in the case of certain plants also, the so-called annuals ; 
but the vast majority of plants owe the continuity of their existence chiefly to the 
circumstance that, besides organs already fully developed, new growing-points capable 
of development are continually being originated, by means of which the life and 
growth of the same plant-specimen is continued from year to year, or even from, 
century to century. It is owing to this fact, also, that the idea of the ‘ individuar 

j,e. that which is only capable of indivisible existence — can And no rational 

application whatever in the case of the great majority of plants; since it is mere 
trifling with empty terms either to distinguish wdth Schleiden each individual cell, 
or, with Alexander Braun, each shoot-bud emphatically as an individual. At any 
rate, no deeper insight into the nature of plants can be obtained in that way. 

Plants, therefore, in the condition in which they are usually observed (i,e. apart 
from the microscopically minute primary embryonic state), always consist partly of 
mature, fully-developed portions which no longer grow, and partly of immature por- 
tions ; these latter, as in the case of winter-buds, may be dormant, but subsequently 
develope further, or they may be portions which are developing — i. e. increasing in 
volume and changing in form. In order to guide himself aright even in the most 
elementary doctrines of vegetable physiology, it is absolutely necessary for the 
student to acquire the clearest possible idea of these relations : the theory of growth, 
especially, has no sense or meaning whatever for him who is not sufficiently familiar 
with these matters. I shall therefore attempt to make clear by a few examples the 
distribution of the phases of growth in space, as well as their changes in time. It 
may be remarked at the outset that I distinguish three phases of growth, which are 
continually passing over into one another, but which are nevertheless sharply 
characterised. 

Organs are first met with in an embryonic condition: growing further, they 
enter upon a second phase, that of elongation, by means of which they attain their 
definitive volume and their definitive external configuration. Only in a third stage of 
growth is the internal structure also of the already elongated organs completed, 

I distinguish this last phase of growth as that of internal development, upon which 
the condition of being fully grown— the mature state — at last follows. 

As an example serving for the illustration of these matters, let us consider Fig. 254, 
which represents in the form of a simple diagram the phases of growth of a young, 
erect, dicotyledonous plant. In the unripe seed of this plant, at the proper time, an 
embryo would be found in the form represented at /. On this are observed the grow- 
ing-point (v) of the future shoot (plumule), and that of the radicle (zv ) : the two pro- 
tuberances c c are the two primary leaves (cotyledons) of the seedling in a rudimentary 
state. The nearly black shading of v and ze; is intended to indicate that these parts 
still consist entirely of embryonal tissue ; while the lighter shading oi cc indicates 
the second phase of growth, the cell-tissue already beginning to pass over into the 
stage of elongation. This condition of development of the embryo has resulted, 
however, from one still earlier, where the embryo had almost the form of a sphere, 
and wffiere no differentiation whatever, either into various organs or into various forms 
of tissue, was as yet to be recognised : the entire embryo then consisted of homo- 
geneous, embryonal cell-tissue, the commencing differentiation of which is already 
indicated in I, 
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In the ripe seed of the same plant we should find the embryo in the form II. 
Between 27 and w is now intercalated a mass of tissue, which is elongating, and 
which subsequently forms the hypocotyledonary segment {h) of the shoot The first 
leaves, or cotyledons, c c, have grown considerably. Of the embryonal tissue, of 



FIG. 254.— Diagram of the distribution of the various phases of growth in a dicotyledonous plant. 


which the entire embryo formerly consisted, there now remain only two portions, 
separated from one another ; the upper one of these constitutes the growing-portion 
of the future plumule, and the lower that of the radicle {w). 

In III we have represented the same plant as in //, after the conclusion of 
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germination. At the uppermost end of the germinal stem, shaded black, is still to be 
recognised the growing-point marked in /; also the growing-point w of the primary 
root. New growing-points have now arisen in addition at k k' &c., and have 
already in part proceeded to the formation of new lateral shoots. Each of these 
new growing-points has originated, during progressive growth, out of the primary 
growing-point, in /. The lateral growing-points k were first protruded in the axils 
of the two cotyledons, r, //: the primary growing-point then grew further, and 
produced the leaves h, h\ &c., a new growing-point arising each time from 

the axil of the leaf, as it was put forth from the growing-point &c.). In the 

course of the growth leaf-buds have already been put forth from these new growing- 
points. The leaves and portions of stem also produced from the primary growing- 
point V, have in the meantime however grown much more rapidly, and have already 
entered into the second and third stages of growth : the leaves, l/\ as well as the 
parts of the shoot-axis belonging to them, are still found in the elongating condition, 
as indicated by the light shading. .The cotyledons and the leaf h, as well as the 
parts of the shoot-axis belonging to them, which are not shaded at all, are on the 
other hand already fully developed externally— i. e. they have attained their definitive 
volume, and their permanent external form. These parts, however, are now in the 
third phase of growth — i. e. their internal development is now being completed; the 
lignification of the vascular bundles, the development of sieve-tubes, the thickening 
of the walls of the parenchyma cells, formation of stomata and development of cuticle 
on the epidermis are being completed in these portions. All these histological 
differentiations have already commenced in the parts of the plants indicated by the 
shading; but it is only after they have attained their definitive volume and permanent 
form that the histological development also is completed. 

Let us now take into consideration in the same way the subterranean root-system 
of our plant (Fig. 254, III), It is to be noted that the lateral roots w^' were 
produced originally close behind the growing-point {tljo) of the primary root. Each of 
these lateral roots was originally itself only a new growing-point, by the further 
growth of which the filiform lateral roots have been produced ; and the same relation 
exists between the lateral roots of the second order and their mother-roots. Mean- 
while, it need only here be mentioned by the way that the growing-points of the new 
roots originate in the interior of the tissue of their mother-roots ; while the new 
growing-points' of the shoots are superficial outgrowths of the primary growing- 
point. 

In the roots also the growing-points are represented black in our figure; but, it 
will be seen, they are surrounded by an additional light zone, the root-cap, which 
originates simultaneously with the first rudiment of the growing-point of a root. 
Behind each of the growing-points of the root, which are shaded black, is a short 
piece marked by lighter shading: this is the elongating portion of the root-fibre, and, 
as is seen at once, it is strikingly short in, comparison with the elongating region of 
the shoot-axis. 

A very important point, which will already have been noticed by the way in the 
above description, must how be made quite clear. All the growing-points of the plant 
///, shaded black, originated in the first place from the tw^o growing-points v and lo " 
of the embryo I ; and these themselves are both, as already said, simply remnants of 
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the perfectly homogeneous cell-tissue of which the embryo at first consisted. 
All the growing-points, therefore, are directly derived from the primary embryonic 
tissue ; in such a manner, however, that we have to suppose the substance of the 
latter as being nourished and continually increasing in quantity. If the growth of the 
plant were entirely confined to that of the growing-points, it would consist in an 
exceedingly slow increase in volume of 
the original embryonic tissue. We might 
imagine all these small growing-points, 
so to speak, cut off and then united into 
one whole : w-e should then have a very 
small structure, consisting of nothing 
but embryonic tissue, from which the 
individual growing-points would stand 
out as protuberances. Having clearly 
apprehended this, it is now obvious that 
in reality the various growdng-points in 
the developing plant described above 
have been pushed asunder and removed 
to a distance from one another; between 
each two of them a longer or shorter 
piece of shoot-axis (or in the roots a 
piece of mature root-tissue) has been 
intercalated. This mutual separa- 
tion of the growing-points, or interca- 
lation of new masses of tissue between 
them, is moreover, as is easily observed, 
effected in the second phase of growth ; 
and this always consists fundamentally 
simply in the elongation of those por- 
tions of tissue w'-hich are situated at the 
base of each growdng-point. 

On reviewing these processes ac- 
cording to all that has been said so 
far, it must be allowed that the growth 
of a plant, even wholly apart from the 
processes taking place in the individual 
cells, is a very remarkable and extremely 
complicated phenomenon, which the 
student must try to apprehend perfectly 
if he wishes to obtain any clear ideas 

at all of the life and being of plants. Considering the difficulty which the right 
understanding of these processes must necessarily present to the beginner, it will 
not be superfluous to take into consideration yet a few other examples. 

Fig. 255 illustrates, also diagrammaticaily, the processes in question in the case of 
an erect monocotyledonous plant. The figure represents a plant of the Maize (Indian 
Corn) ; but would hold good, with but few alterations, for a Palm, and numerous other 
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Monocotyledons. It is advisable, in the first place, once more to regard closely the 
genninating stages of the Maize-plant represented in Fig. 2 8 (p. 3^)> looking upon the 
present figure, to a certain extent, as a continuation of that one. Here again Wis the 
primary root, from which several thin lateral roots have originated. While, however, 
in the dicotyledonous plant of the previous diagram the entire root-system arises from 
the primary root, we find in this monocotyledonous plant that the primary root, 
with its ramifications, remains small and plays an extremely subordinate part. Of 
course as growth proceeds the entire root-system enlarges here also, but this is accom- 
plished by new roots springing from the lower part of the stem (s) itself, 

the process taking place from below upwards: these roots penetrate into the earth 
and there branch. The higher up the stem the root arises the more vigorous it is. 
Although these secondary roots appear at a great distance from the two 

primary growing-points of the radicle and plumule respectively, it is nevertheless not 
improbable that the rudiments of their growing-points were already formed long 
before ; and that on close investigation, which of course entails great difficulties, it 
would be possible to detect these growing-points of the roots as direct derivatives of 
the growing-point of the shoot of the plant. However, a question is raised here 
which will have to be taken more closely into consideration in the next lecture. The 
point in view now is rather to distinguish the three phases of growth ; and here again 
the growing-points are shaded quite black, the elongating parts grey, and those 
wffiich are completing their internal development and are fully grown are left 
without shading. The leaves h — oi the monocotyledonous plant in question, in 
each case envelope the whole circumference of the shoot-axis with their sheath-like 
base ; and each younger leaf is, like the younger part of the shoot-axis, completely 
enveloped by the sheath of every older leaf. The apex of such a shoot, therefore, 
consists mainly of a convolution of leaf-sheaths closely wuapped around one another, 
and we have only to imagine these becoming thick and stout to have the whole 
presenting the form of a bulb. It will scarcely be necessary to repeat that the 
buds kk proceed from secondary growing-points, which in their turn originated in the 
primaiy growing-point of the main shoot of the seedling. 

Immediately above the base of each leaf, the figure (Fig. 255) shows, within the 
lightly shaded parts, certain darker transverse zones, by means of which a peculiarity 
of the growth of this and many other plants is to be explained: for at these 
zones the tissue maintains a more or less embryonic character, and its cells situated 
further above (in the acropetal direction) gradually pass into the stage* of elongation 
and definitively complete their development. Such transverse zones at the base of the 
internodes may be termed zones of intercalary growth ; the tissue of wffiich they are 
composed, however, is directly derived from the embryonic tissue of the growing- 
point. The presence of such intercalary zones brings it about that in the plants 
concerned the individual segments of the shoot-axis are pushed up from below out of 
the older leaf-sheaths; hence the youngest — i. e. the least developed — portions of the 
internodes are situated, not next the growing-point, but next the basal end. This 
remarkable state of affairs, by which the processes of growth in a shoot become 
still more complicated, occurs not only in many Monocotyledons, particularly 
in all Grasses and in the flowering scapes of bulbous plants, but is extremely 
clear also in the Horsetails (Equisetaceoe), among which Equiseium hyeinale is 


THE PHASE OE EMBRYONIC GROWTH, 


419 


particularly distinguished in that the internodes are each year slightly pushed up 
from below out of the older leaf-sheaths. Similar peculiarities occur moreover in 
some Dicotyledons — e. g. the Polygone^, Umbelliferae, &:c. 

In the Grasses and Liliacese (and in a less degree also elsewhere) there occurs 
combined with this intercalary growth of the - internodes a very similar process in 
the leaves. These also go on growing at their basal parts, which are in the phase of 
elongation when the apex of the leaf has long been completely developed : they 
become, so to speak, pushed up from below out of the body of the plant, as may 
very easily be observed in Hyacinths in the spring. 

It will not be difficult for the reader to discover the points common to the two 
diagrams described. These points in common, moreover, we may regard as the type 
of growth prevailing in the vegetable kingdom. It exists almost without exception in 
the Mosses and Vascular plants; and we find it in its simplest features in many 
Algse and even in some Fungi. Nevertheless, as follows from what has been said 
on p. 84, and may be illustrated by further examples {e. g, MacrocysHs, &c.), 
entirely different distributions of the phases of growth may occur among the Algse 
and Fungi ; these, however, remain confined to a few small groups and will therefore 
be passed over here. 

After this preliminary sketch, I now proceed to a more exact description of the 
three phases of growth. 

(i) The condition of embryonic groAvth in the growing-points is distinguished 
chiefly by the following characters : — 

The development of new organs takes place exclusively in the growing-points. 

The growth of the young organs at the growing-point, both with respect to the 
increase in volume and the changes in form, is exceedingly slow. 

The mass of a growing-point, from which the very large volume of tissue of an 
entire shoot or root-system proceeds finally, is for and by itself extremely small, and 
but very rarely amounts to of a milligram. 

This small quantity of matter is continually being regenerated by the addition of 
suitable nutritive substances; while the basal portions of the growing-point gradually 
pass over into the condition of elongation, and then into permanent tissue. 

The, growing-points, as well as their outgrowths—i. e. the young organs in 
an embryonic condition — consist of a cell-tissue which is usually termed primary 
meristem, but is better distinguished as embryonic tissue. 

The embryonic tissue of the growing-point and very young organs forms a solid, 
somewhat hard, and occasionally even brittle mass, which consists essentially only of 
protoplasm and the substance of the cell nuclei; the cell-walls being extremely thin. 
These substances are, it is true, permeated with water ; but fluid cell-sap in the form 
of so-called vacuoles is not present, or only in very small quantity. 

The cells of the embryonic tissue are very small, the nuclei, on the contrary, 
being relatively very large, and their rounded form adapted to the shape of 
the cells. If the latter are tabular, the nucleus is flattened like a cake; if cubical, 
the nucleus is spherical; if cylindrical or prismatic, the nucleus is elongated also. 
The nucleus, however, always forms a very considerable portion of the mass of the 
cell ; and thus the embryonic tissue is chiefly characterised by the predominance of 
the substance of the nuclei, in which, again, nuclein plays a chief part. 
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The growing-points, as well as the young organs which are still in an embryonic 
state, constitute a mass which is homogeneous in itself ; the cells appearing as mere 
chambers, the growth of which depends upon the growth of the growing-point as 
a whole,.. 

It is not quite correct to say, as is often done, that the cells in the growing- 
points and in the young organs— in embryonic tissue generally— are perfectly 
homogeneous among themselves. On the contrary, differences in form make 
themselves evident even close to the apex of the growing-point, as well as in its 
very young outgrowths ; and in the growing-points of roots especially, it is possible 
to detect with certainty, even close behind the apex, those cells which will subse- 
quently become developed as segments of vessels, or as endodermis, &c. (Fig. 257). 
In the same manner, the external layer of the growing-point and every embryonic 
organ is easily recognised as what will be the future epidermis. According to the 
various form of plant in each case, however, this commencing differentiation of the 
tissues in the growing-point is very different. The doctrine of the three so-called 
histogenic layers, according to which, besides the future epidermis, a so-called 
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FIG. 256.-— The g-rowing-point of a shoot (wintet-bud) of the Pine, apex of the growing»pomt ; 
bif youngest leaf-rudiments; rr young cortex, and mm pith of the future shoot-axis (highly 
luagnifiecl). The whole consists of embryonic tissue, of very small cells with relatively large nuclei. 


periblem (young cortex) and a plerome are sketched out in the growing-point itself, 
cannot therefore be applied universally; although the tissue differentiations referred to 
often do occur, particularly in the growing-points of roots. 

(2) The second phase of growth, the so-called condition of elongation, is 
introduced by the cells at the base of the growing-point beginning to grow more 
rapidly, and to approach their definitive development. The following are the chief 
points to be noted here : — 

By means of the elongation, the segments of the shoot-axis, as well as the 
leaves and the corresponding parts of the roots, attain their definitive size and their 
permanent external form. 

This process may continue for a longer or shorter time; and, accordingly, the 
elongating piece of shoot-axis or root-fibre is longer or shorter, and attains during the 
elongation a more or less considerable breadth and thickness. The length of the 
elongating portion in a root-fibre is about 3— 10 millimetres behind the growdng-point, 
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in' long flower-stalks 10-20, or even ^0-80 centimetres. It often happens, however, 
that the growth in length generally, by elongation, is very insignificant, particularly 
in shoot-axes ; so that the fully developed leaf-bases completely cover the shoot-axes, 
as in the Fern Aspidium filix-mas, and in all cases where so-called radical rosettes 



Fig. 257.— Growingf-poiut of a root of Maize {Zea Mays), a a older portion of root-cap ; t younger 
part of same; s apex of growing-point; e ^ external layer of tissue of root— -the cell-avails are 
thickened {vv ) ; r r young cortex ;// cells of axial vascular bundle ; g flattened cells of a large 
vessel, which will subsequently form long cylindrical segments with bordered pits ; m parenchyma, 
of the pith in the axial strand (highly magnified). 

are formed by the leaves. If the points of insertion of the leaves are pushed apart, 
the shoot-axis forms internodes or interfoliar parts between them. 

By the mode of grow^th of shoot-axes during the phase of elongation, therefore, 
a very material influence is exerted on the definitive form of the entire shoot; in so 
far that it depends upon this, for example, whether the leaves are situated close 
above one another and form a rosette, or are removed some distance apart, and 
arranged in whorls, or are situated alternately or scattered on the elongated stem. 
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The leaves which have been developed at the growing-point of a shoot, generally 
grow much more rapidly than the parts of the latter situated above their insertion on 
the shoot-axis. In this lies the cause of the formation of buds at the end of the shoot 

(Fig. 258). 

In the leaves also various changes in form are brought about during the process 
of elongation. The elongation in the leaves may either begin at the apex and end 

at the base, or conversely; and in compli- 
cated forms of leaves much more complex 
distributions of growth may occur. 

This phase of growth by elongation 
effects also the most various changes of 
form during the increase in volume, espe- 
cially in the case of shoots. The entire 
form of a mature shoot depends in general 
essentially upon the processes of con- 
figuration which take place during elon- 
gation, Contrasted with the growing-point, 
however, this phase of growth is distin- 
guished by the fact that no more new 
organs are developed : only those already 
present obtain their definitive size and 
form. 

While the "extremely slow growth of 
the embryonic tissue takes place by means 
of a proportionate addition of proteid sub- 
stances and nuclein ; elongation, on the 
contrary, consists in an enlargement of 
the cells which is chiefly effected by the 
addition of water. The cells which in the 
embryonic condition are solid, and consist 
merely of protoplasm and nucleus, change 
during elongation into vesicles filled with 
water, the volume of which may attain a hun- 
dred or a thousandfold that of the Griginai 
embryonic cells : in this, however, no pro- 
portional increase of the organic substance 
takes place, but, in the main, the intercalation of water only. This, however, 
does not preclude that the still thin cell-walls also have cellulose deposited in them, 
and that the protoplasm may increase slightly in quantity. The enormous inter- 
calation of water may, however, go so far that shoot-axes, leaves and root-fibres just 
fully grown contain more than 90 per cent., or even more than 95 per cent, of their 
weight and volume of water. 

During this active increase in volume of the cells, especially at first, numerous 
additional cell-divisions take place: subsequently, however, these become rarer, and 
gradually cease with the cessation of elongation. 

The elongation commences with the differentiation of the primitively homo- 



FrG. n^B.—’Equzseium arvense. Longitudinal section of a 
subterranean bud in March, ss apical cell of stem ; d—gb the 
leaves ; two lateral buds exposed by the section. The 
subsequently very long internodes of the shoot-axis are not yet 
formed (slightly magnified). 
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geneous embryonic tissue into the various systems of tissues. Intercellular spaces 
soon appear between the cells of the parenchyma; the different kinds of cells 
gradually obtain their characteristic shapes; the cells, at first only parts of the 
whole in the growing-point, now become more individualised, peculiar processes of 
growth making themselves evident in each one; the size, external form, and the 
differentiation of the contents of each cell are apparently independent of those 
of the others — but of course only apparently. The various forms of tissues become 
differentiated ; the single cells 
individualised. 

At the time when the ^ 

organs, or parts of organs, 
have attained their external 
form and definitive volume by 
elongation, they are still imma- 
ture — not yet fully developed 
internally. It is true that 
the differentiation of the forms J y 

of tissues begins even in the 
embryonic tissue of the grow- B 

ing-point, and continues during 
the elongation, so that, at the 
end of the latter process, the 
epidermis, vascular bundles, 
and the various parts of these, 
as well as the different forms 
of fundamental tissue, are 
already to be plainly distin- 
guished ; but the develop- 
ment, especially of the cell- 
walls, is not completed in this 
state, 

(3) The third phase of 
growth makes its appearance 

j 1 • 259.— Parenchj'ma cells from the median layer of the cortex of the root of 

as soon as the organs and their FrUUlaria imperiaHs (longitudinal sections X 5 So)- very young cells situated 

■ , 11 close above the apex of the root, still without cell-sap. B the same cells about 

parts have attained their per- 2 mm. above the apex ; the cell sap s forms isolated drops (vacuoles) in the proto- 

^ plasm p, plates of protoplasm lying between them. C the same cells about 

manent size and external form 7—8 mm. above the apex ; the two cells to the nght below are seen from in front, 

^ r 1 • • the large cell to the left below in optical section; the cell to the right above has 

by means of elongation, while, been opened by the section, and its nucleus is affectod by the penetrating water 

^ *11 > , , and exhibits a peculiar swollen appearance. 

however, still further changes 
are taking place im the interior 

of the tissue. The lignification in the vascular bundles, the thickening of the 
cell- walls, and the various kinds of pitting connected with it; the development of 
the sieve-tubes, the lignification of the sclerenchymatous elements ; and more parti- 
cularly the further development of the epidermis, especially the stomata, cuticularisa- 
tion and perhaps silicification, and the development of hairs, now first attain 
completion. The internal development of the tissues, which only occurs late and 
after elongation is accomplished, is particularly striking in the case of the roots. 
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In tliose of the Grasses and Liliacea (e. g. Maize, Friiillaria, Sic.) elongation is 
complot’ed about S-io mm. behind the growing-point; but even go-60 mm. further 
back the bordered pits of the large vessels are found to be only just fully developed, 
and similarly with other tissue-structures. The internal development and strengthen- 
ing of the tissues, which continue for some time after the completion of elongation, 
are also plainly to be recognised from the exteiioi of the oigans. Leaves and 
shoot-axes which have just finished elongating are delicate, wateiy, easily torn, and 
soon droop ; whereas they subsequently become much stronger, richer in substance, 
and more solid. 

It would be superfluous to formulate the characteristics of this third stage of 
growth, since all that has been said in the lectures on Organography and on the 
theory of the tissues, with regard to the external form and internal structure of the 
organs of the plant, concerns this last developmental stage. Only one point further 

need be mentioned here. With the exist- 
ence of the cambium in the shoot-axes 
and older roots of the Conifers and 
woody Dicotyledons, of course a new 
process of growth is ushered in, and the 
cambium corresponds in many respects 
to the embryonic tissue of the growing- 
point. It is distinguished from this latter, 
however, in that, normally, it only produces 
new masses of tissue, but not hew organs : 
nevertheless the latter process also may 
take place under certain circumstances. 
In the case of cut-off woody stems, for 
example, the cambium swells, grows out, 
and forms a so-called callus — i.e. a cushion 
consisting of soft tissue — in which growing- 
points for the development of new shoots 
are developed. 

The three phases of grow^th here dis- 
tinguished usually pass into one another without interruption, so that no definite 
line can be drawn between the embryonic condition and that of elongation, or 
between the latter and that in which the internal development is being completed. 
The relation between them is very simple in the roots; w^hereas the most various 
complications may occur in shoots, according to the nature of the plant in each case. 

The grow’ing-point of a shoot is only apparently merely the end of the shoot- 
■axis, as it is generally held to be. The manner in w^hich the leaves and lateral 
shoots are developed from the growing-point of a shoot shows, on the contrary, that 
the latter is not merely the termination of the shoot-axis, but is the embryonic be- 
ginning of the entire shoot, w^hich, in its: turn, consists of shoot-axis and leaves. 

Just as new growing-points of shoots can arise from growing-points of shoots, so 
also on a young leaf, so long as it still consists of embryonic tissue, a large number 
of secondary growing-points may arise, which may then produce tertiary growing- 
points, and even those of a higher order, as showm in Fig. 261. Hence the sub- 





FIG, 260.— -Long-itudinal section tlirough the ape.x of an 
erect .shoot of Hipfuris •vnfg-arts, s apex of stem; the 
leaves (in whorls); /&/? axillary buds of the latter and which 
all become flowers ; the first vessels. Tlie dark parts of the 
tissue indicate the internal cortex with its intercellular spaces. 


425 


THIRD PHASE OF GROWTFL 

sequent external form and segmentation of a leaf becomes sketched out, and this then, 
according to the mode and course of elongation in each case, becomes a branched, 
divided, pinnate, lobed, or simply a toothed leaf. In the great majority of cases the 
whole of the embryonic tissue of a leaf is finally transformed by elongation into 
permanent tissue : the whole leaf is then completely developed. Nevertheless, cases 
also occur where the apex of the leaf persists for a long time in the embryonic” 
condition, while its basal portions become elongated and fully developed. This 
happens even in the case of some large pinnate leaves of Dicotyledons — e. g. Allan- 
thus, Hobmia, : after some time, however, the growing-point of the leaf in these 
cases becomes transformed wholly into permanent tissue. In some Ferns, on the 
other hand {Nephrolepis, Gleichenia^ Mertensia^ Lygodmm), the ends of the leaves, or 
of their lateral segments, remain in the em- 
bryonic condition for years, so that a con- 
tinual or periodically repeated lengthening 
of the organ takes place by elongation just 
as in perennial shoots. 

The growing-points of shoots, how- 
ever, may also, on the contrary, become 
wholly transformed into permanent tissue, 
when they of course cease to be growing- 
points : this is the case, for example, in the 
formation of the thorns of Rhamnus ca- 
thariica^ Gleditschia^'^riA others. In the latter 
instance they are branched shoots, which 
only produce very small leaflets, and con- 
sist at first of very delicate tissue, which 
subsequently, however, lignifies to masses 
hard as stone : the points of these thorns 
are the previous growing-points, which 
are now likewise lignified. 

All that has been said so far refers to 
the relations of growth in the Vascular 

■nkntc: onH m-iinrifv nf thp Mncjn’npfP * oi Pastinacea sadva. 

pianiS ailQ me majOlltJ Ol me IViUSCinese . C of pinnae ; ^pinna? of second 

as already pointed out above, the same 
processes of growth may also be recog- 
nised even in the Alg^ and Fungi, though often only in a rudimentary form and 
taking a much simpler course. Besides these, how^ever, as was stated in the lectures 
on Organography, entirely different types of growth also occur. These may both 
be illustrated by a few examples. 

One of the most remarkable cases is found in those Algae the growth of 
w^hich is not accompanied by cell-divisions, and among which the Caukrpa 
in Fig. 262 may serve as an example. The figure shows at once that w^e 
have here to do with a plant the whole vegetative body of which is moulded on, 
and therefore grow'S kccording to, exactly the same plan as that of a creeping 
vascular plant. The creeping shoot-axis v s produces branched roots on its 
low^’er side, and leaves containing chlorophyll on its upper side. As in the 




426 


LECTURE XXVI. 


case of a creeping phanerogamous plant, the roots as well as the leaves 
arise from the advancing apex— the growing-point— which is here projecting, 
however, so that the youngest leaf and the youngest root are somewhat distant 
from the apex : hence no proper bud enveloping the growing-point exists at all. 
What is most important for us, however, is the fact that no cell-formation 
Whatever takes place in the interior of this plant; no cell- walls exist either in 
the growing-point or in the completely developed organs. In the cavity of 
the thick-walled vescicle, however, the ramifications of which constitute the 
entire plant, numerous bars consisting of cellulose are found, which traverse the 
lumen of the cell like pillars and rafters, in order to confer greater firmness 
on the whole structure: in more slender forms of Cosloblastem, however, as 



Vic,,'z^‘2.~-Canhrpa a'assi/olux. The entire plant consists of a vesicle which is not 
divided into cliainbers or cells, w the growing-point of the creeping dorsi-ventral shoot- 
axis S', hb leaves ; w roots {nat. size). 


in the common Vauc/iena, even these are wanting. It is now only necessary, 
therefore, to leave out from what has been said above as to the difference of the 
three phases of growth all that refers to the cellular structure, which does not exist 
here, and all the rest applies even to this non-cellular plant. 

A second example may be taken to show the corresponding condition of affairs 
in one of the more highly organised Fungi. The accompanying figure (Fig. 263) shows 
the development of a Mushroom of the genus Agaricus, At I is represented a small 
piece of the mycelium (172), the thicker filaments of which consist of numerous hyphae 
running parallel to one another. The mycelium behaves in all essential points like the 
branched root-system of a higher plant; at the end of each filament there is a growing- 
point from which new growing-points are developed as buds. At certain points of this 
mycelium, at a and 3 , organs of reproduction are formed, one of which is represented 
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somewhat enlarged at <r, to the right above: the apex of this consists of a growing- 
point, while the lower portion is already in process of elongation. The somewhat 
older fructification represented at 1/ 
and /// is commencing to form the 
umbrella-like expansion [pikus) at its 
apex, the elongation at the top ceasing 
meanwhile; hence the mass of tissue 
becomes extended radially all round 
the growing-point, as shown still fur- 
ther developed at IV. The embryonic 
character of the fungal tissue now dis- 
appears at the apex and on the upper 
side generally of the developing pileus, 
but is maintained for some time longer on 
its lower surface, from which very nu- 
merous thin lamellae now grow out, radi- 
ating from the stem to the periphery oi 
the pileus. From these the reproductive 
organs are developed. It is not diffi- 
cult to recognise in the processes ot 
growth briefly indicated in Agaricus, 
relations similar in the main to those 
which we meet with in the more highly 
organised plants, which is in this case 
so much the more remarkable since the 
mycelium and the fructification of the 
Fungus consists of single filaments or 
hyphas, each individual one of which 
represents as it were an independent 
growing plant, in which growing-points 
and the various phases of growth are to 
be observed, as in the Mould-fungi. 

In the mycelium and fructification of 
the present Fungus, however, hundreds 
and thousands of such hyphae are com- 
bined in such a manner that all their 
growing-points become united in the 
growing-point of a branch of the my- 
celium, or that of an organ of repro- 
duction. 

It would not be difficult to find 
dozens of other cases among the Fungi 
and Algee inwhich the typical processes of 
growth still make their appearance, it is 

true, here and there, but in which they yet are replaced more or less by widely different 
arrangements. As a particularly striking example in this direction, I may mention one 


Fig. 26s.-~A^artais ’variecoloy. / Mycelium 
{/«) with young fructification a and b (nat. size) ; c one 
of the latter in longitudinal section (magn.). // older 
fructification, the pileus is beginning to be formecL 
/// the same in longitudinal section. IV the pileus 
further developed ; "v velum. The lines in the longi- 
tudinal sections indicate the course of the hyphaj.' 



Fig. 264,— -Vertical section of a young fructification 
of Phallus i7npiidims (cf. the text— -.J nat. size). 
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of our most remarkable Gastromycetes, Phallus impudicus, the mycelium of which, 
consisting of thick white threads growing in the soil of forests, presents essentially the 
same appearance as that of the Agaric considered above. The fructification of the 
Phallus arises as a spheroidal protuberance, composed of interwoven hyph^, on 
one of the superficial branches of the mycelium. This protuberance while young 
may be looked upon as a growdng-point, the mass of tissue of which, however, while 
growing up to the size of a hen's egg, undergoes a differentiation quite other than in the 
cases hitherto considered ; for although here also the polarity existing between the base 
and apex of the structure is not entirely given up, still that process of grow^th which 
may be compared with the elongation of a normal plant affects the fungal tissue, which 
has passed out of the embryonic stage, in such a way that concentric layers of tissue 
are differentiated. This occurs chiefly as follows: the most external layer, iz, and 
one lying deeper, attain considerable solidity, while the layer g situated between 
them becomes transformed into a soft deliquescent jelly. The portion of tissue 



FIG. 26s.~~Pedt'astriim s'raniciatnm, after A. Braun {400). y/ a disc consisting of cells which have grown together. 

At the innermost membrane of a cell is just emerging: it contains the daughter-cells produced by the division of the 
green protoplasm ,* t various stages of division of the cells; sp slits in the walls of cells already emptied. B the entirely 
emerged inner lamella of the wall of the mother-cell [b) much swollen and containing the daughter-cells .g, wnich are 
actively swarming. C the same cell-family 4^ hours after emission, and 4 hours after the coming to rest of the small 
cells— 'these have arranged themselves into a disc which is already beginning to develope into one like A. 

marked si forms a hollow cylinder, the apex of which (x) is in connection with the 
Arm membrane /: in its interior, h, is a hollow cavity. The mass marked sp con- 
sists of the spores or reproductive cells of the Fungus. When this complicated 
differentiation of tissue (reminding one of the formation of certain berry-like or 
plum-like fruits of Phanerogams) is completed, a final act of growth suddenly takes 
place in damp weather. The’ stalk .y/ how" becomes extended in a few hours to 
a length of 20-30 cm., its diameter being 3-4 cm. : by this the membrane a is 
ruptured at the apex, while the membrane /, together with the mass of spores sp, 
remain pendent from the top of the elongated stalk, and the base of the latter is 
surrounded by the ruptured layers ^ and % much as if by a broken egg-shell. 
The deviations from the normal type of growth prevailing in the vegetable kingdom 
go still further in some other Gastromycetes, as in the genera Clathrus, Geasier, and 
Crzfdbulum {cL ¥ig. 162). 

But even in the Algae, the majority of which follow the type of growth previously 
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described, various families are found with very considerable" deviations from, it. In 
I the lectures on Organography, I have already referred in detail to the genus 

I Laminaria, belonging to the subdivision Ph^eosporese, In Laminaria,, the inter- 

calary growing-point of the shoot adds to the length of the shoot-axis downwards, 
producing each year a new frond, on the contrary, upwards; the new frond is thus 
interposed between the old frond and the intercalary growing-point. 

Referring to p. 70 for further details, I may now make a few remarks on the AIgte 
I in the subdivisions Hydrodictyeas and Volvocineae, where a totally different arrange- 

I ment in space of the embryonic and later stages of growth takes place, though even here 

I the sequence with respect to time is still maintained. One of the simplest examples in 

I this connection is afforded by Pediastrum, 

\ a plant common in our waters and the 

development of which is illustrated in Fig. 

265. The mature plant A consists of a 
; flat disc, the cells of which are arranged 

in concentric circles. In the process of 
reproduction the contents of the cells break 
! up into a large number of small cells, 

\vhich, enveloped in a vesicle (P), escape 
into the water and there swarm for some 
time with a trembling movement. The 
young cells, which taken all together have 
to be regarded as the embryonic condition 
of a new plant, then arrange themselves 
spontaneously in the form of a disc, made 
up of concentric circles ; and as soon as 
this has taken place, as in C, they ail 
begin to grow, and the very young plant is 
now in the stage of elongation. Some 

... . 1 r T j r J.1 • u (a ilyxomycete) in fntc- 

little time beiore tne end 01 tnis pnase, tification; only the soUd network produced from tlie plasmo- 
, - 1 . 1 t r .^11 dium is represented {after Rostafinski). 

however, the third phase 01 growth — the 
completion of development of the cell- 

contents and cell-walls — commences, until the stage A is again reached. 

Furthest removed from all other modes of growth is that of the Myxo- 
mycetes. These consist, in their first period of life — -that in which nutrition 
occurs — of naked motile masses of protoplasm, creeping forth fl*om the nutritive 
substratum as a so-called plasmodium. Such a plasmodium, according to its 
specific nature in each case, may assume the most various, and often extraordinarily 
beautiful forms. Not rarely it developes at last into a stem, situated on the sub- 
stratum, and passing above into a clavate, spherical, or umbrelia-like expansion, as in 
Fig. 266. So long as this process of construction continues, the entire plant con- 
sists of soft protoplasm, and in this condition the Myxomycete may be compared, 
to a certain extent, with the embryonic condition of a higher plant, although even 
this comparison fails in some respects. Only when the external form is completed 
does the outer layer of protoplasm harden to a firm membrane, while its inner 
portions develope tubular filaments of the most various forms, the so-called capillitium: 
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the remainder of the protoplasm, that which is capable of true development and 
which is contained between the capiliitium, breaks up into innumerable, minute, 
rounded portions, which constitute the reproductive cells or spores. Thus we have 
here processes of growth where even the last trace of accompanying cell-formation 
has disappeared. While in the Coeloblast*^ the entire plant, if we wish to extend the 
comparison to the utmost, may be regarded as a single cell, since it is enveloped by 
a firm cellulose membrane, this is no longer possible in the case of the Myxomycetes, 
although, as we have seen, they develope definite forms and grow. In this case, an 
extremely simple form of cell development appears only when the growth is con- 
cluded ; this, however, has nothing more to do with the growth itself. 

It is important to refer to this point, since for a long time the utterly mistaken 
view \vas held, that the whole configuration and increase in volume of a plant 
may be explained from the life of its individual cells. Such is evidently not the case : 
just as the growth of the whole plant and of one of its entire organs, so also that of 
its individual cells results from general laws of configuration, which dominate organic 
quite in the same way as inorganic material. 


LECTURE XXVII. 


RELATIONS BETWEEN GROWTH AND CELL-DIVISION IN THE 
EMBRYONIC TISSUES. 

Growth — i.e. the increase in volume and change of form— may take 
place in plants even without accompanying cell-divisions. In this connection, 
I have already repeatedly referred to the non-cellular plants, such as Botrydiuv^^ 
Catderpa, Vaucheria, etc., and particularly to the Myxomycetes, It is important 
to bear this fact in mind ; because it proves that the formation of cells is a pheno- 
menon subordinate to, and independent of, growth. The excessive importance for 
organic life hitherto ascribed to cell-formation found expression in this direction also, 
in that it was believed that growth depended upon the formation of cells. This is, 
however, not the case. On the other hand, however, the fact is of course important, 
that while a few hundred simple forms of plants exist in which growth is not accom- 
panied by cell- division, in all other plants growth and cell-division are intimately 
connected with one another. In attempting, then, to make clear the relations of 
the two processes— growth and cell-division— it is above all to be insisted upon 
that growth is the primary, and cell-division the secondary and independent 
phenomenon. 

The following is an epitome of a detailed investigation of the matter which I 
published in 1878-79^. The matter here depends upon geometrical, and in part 

^ We owe the first investigations which laid the foundations as to the relations between growth 
and cell-division, as so much of the best of our literature, to Naegeli’s ingenious researches; he 
started with a series of treatises on this subject in his ^ Zeitschrift fiir wissenschaftUche Botanik^' 
published with Schleiden, in 1844-1846, a literature consolidated by numerous observers in still more 
numerous treatises. All Naegeli’s successors, however, held exactly to the scheme established by him, 
according to which also Schwendener, with Naegeli’s co-operation, further represented the relations 
between growth and cell-division in their book * Das Mih’oskop^ II. Aufi. 1877, pp. 544, &c. 

I established the point of view explained in my lecture, and which has given an entirely different 
turn to the ideas concerning this subject, in my treatises, ' Dhr dUAnordnung der ZelUn in jimgsten 
PJlanzentheikn^ (Arb. des bot. Inst, in Wzbg. B. II, H. i, 187S) and ‘ tJber Zelknanordnung und 
Wachsthu 7 n'‘ (ibid. H. 3, 1879). 

In the first-named treatise I sought to give precision to my view as to the processes of growth in 
growing-points and other embryonic masses of tissue by stating (p. 52), ^ If we abstract from the 
so-called individuality of the cell, and pay attention only to the course of the layers which cross one 
another in three directions, we obtain a structure which may be compared with the internal structure 
of a much thickened cell- wall. The three systems of layers in the growing-point correspond to the 
system of concentric layers and the two systems of so-called striation of the cell-wall, as they have 
been described by Naegeli. Stratification and striation of the cell-wall, as is known, depend on a 
regular alternation of denser and less dense substance in three directions, which cut one another, as 


432 


LECTURE XXVII. 


purely meclianical, considerations, which can only be rendered quite clear by very 
careful thinking; since, however, I have set myself the task in these lectures of only 
expounding what is immediately capable of comprehension, I must confine myself to 
making clear a series of the most elementary and easily intelligible facts. 

Above all, it is important to point out that, apart from a few exceptions, the 
directions in which the new cell- walls of a growing plant-orgaii appear, depend upon 
the internal distribution of growth as well as upon the external form of the growing 
organ: the direction of any newly formed division-wall whatever is determined in 
advance by these factors. Sections through growing, and especially through young 
parts of the plant, always show arrangements of the cells which are quite definite, and 
in the highest degree characteristic; the directions of the cell-divisions are by no 
means accidental, and an observer sufficiently acquainted with geometrical and 
mechanical science at once recognises in the structures presented by the totality of 
cell-walls within an organ, cut in the proper manner, that we have here to do with 
a conformity to law, the true meaning of which, however, is difficult to decipher. 
It will be -well, therefore, in the first place to illustrate the dependence between 
growth and cell-division by a few examples of the simplest kind. 

The simplest case is presented by thin, filamentous organs, which consist of a 
single row of cells, as in the case of many ,AIg3e and in the hyphse of Fungi. As a 
rule, the cell-walls here occur as transverse septa of the filament — i.e. each new 
division-wall cuts the long axis and the circumference of the filament at right angles. 
Nevertheless a few exceptions are found even here. In the root-filaments of the 
true Mosses, as well as of the Characeae, the transverse septa are oblique to the 
long axis, for which in the meantime no satisfactory explanation can be given. 
However, in contrast to the enormously large nimiber of cases in which cell- 
filaments are divided by transverse walls cutting at right angles, these are but rare 
exceptions. 

When we take into consideration the growth and cell-division of isolated cells the 
volume of which becomes enlarged in all directions, the problem is a more com- 
plicated one. We meet wdth such, for instance, in a large number of simple Algse, 

Naegeli aptly remarks, like the three cleavage planes of a crystal. By means of stratification and 
striation the substance of a cell-wall is cut up into polyhedral areolse, so that the three systems of 
densest layers form a network, in the meshes of which the less dense areolm (containing most water) 
are enclosed. The substance of a thick cell-wall is built up like the primary meristem of a growing- 
point. The cell-walls mutually cutting in three directions correspond to the densest lamella; of 
a thick cell- wall, and the protoplasmic bodies of the cells of the primary meristem to the soft areolx. 

I will not here follow this comparison (which is without constraint) further, but only remark that 
it becomes the more apt the smaller the cells of the primary meristem are.’ 

Two years after this statement of mine a treatise by Schwendener appeared, ^ Uber die diinii 
Wachsthum bedingte Verschicbtmg kleinster Theilchen in trajektorischm Cttrvm'' (Monatsber. der kgl. 
Akad. d. Wiss. zu Berlin, i8So), where he entirely adopts the new points of view which I had opened 
out; only that (p.426) he believes that he finds an important difference between his own view and mine. 
Tie says, ‘According to my (Schwendener’s) view the cell-divisions constitute an independent pheno- 
menon — and the formation of series of trajectories is everywhere ruled by the ;rame mechanical prin- 
ciples which condition the direction of the rows of micellae in starch-grains and thick cell-walls/ &c. 

I consider that the quotation from my treatise, which had appeared two years previously, difiers 
from Schwendener’s view just cited only in so far that it puts exactly the same ideas more in detail 
and more clearly, and at the same time directly contradicts Schwendener’s older views (iS 77) on the 
relation of growth and cell-division. 
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the individual cells of which grow independently after eacfi division ; as in the 
genera Chlorococcus^ Merismopedia^ Ttdraspora^ Glmocapsa^ and many otl’jers. In 
more highly developed plants similar processes take place in the mother-cells of 
spores and pollen grains. In these cases the fact is particularly ckiar, that the 
mode in which the cell-divisions follow one another depends l>y no means on the 
physiological or morphological nature of the cells, but upon their mode of growth 
and external form — especially upon the latter. Fig. 267, for example, sliows six 
different forms of cell-division in the pollen mother-cells of one and the same 
plant, the Orchid Neotiia nidus-avis. In A the pollen mother-cell had approximately 
the form of a circular disc, which, by means of two divisions at right angles to 
one another, is cut up into four quadrants. It is to be noticed, however, that the 
two vertical division-walls in Fig. A do not exactly meet one another, so that 
a small piece of the horizontal division-wall remains intercalated between the points 
where they join it : this intercalated piece of the previous division-wail appears like 
a breaking of it, and we meet with such interruptions of the walls very generally 
in the division of tissue-cells, a point on 
w^hich I lay some stress, because in the 
more complex cases of tissue-formation 
they interfere with the otherwise easily 
recognisable regularity of the network of 
cell-walls. 

The pollen mother-cell C'had grown 
more vigorously in one direction, and had 
become long and elliptical before its divi- 
sions. Accordingly, in the first place two 
transverse walls were formed at right 
angles to the long axis of the cell, so that 
they divided the latter into three approxi- 
matety equal parts : the middle one of these 

divided pollen mother-cells from one and the same anther of 

ceils has again been divided, however, by a Neottiecnidtts^avis 
longitudinal wall. Here again, therefore, : 

four daughter-cells have been produced by division of the pollen mother-cell, but, as 
is seen, in an order different from that in corresponding to the elongated form 
which the mother-cell had assumed before the division. Whether the form of 
division represented in Fig. B was developed from the type A or C cannot well 
be decided; but in B as well as in C we perceive how the primitively straight or 
slightly curved walls appear broken after the joining on of a younger wall, somewhat 
like stretched threads strung together by another thread. The division- walls which 
meet one another correspond with their three angles to a so-called string-polygon, as 
also is usually the case in a multicellular tissue. 

The dependence of the directions of division upon the external form of the 
mother-cell is manifested again in another way in Fig. B, Here the mother-cell 
consisted of a sort of cylindrical stalk with a little spherical head : accordingly, two 
walls have arisen in the stalk-like portion cutting the external wall at right angles ; 
in the hemispherical head, however, the wall is longitudinal. In Fig. A', the mother7 
cell was approximately globular before the division : it is bisected into two hemi- 

[3] vf 



Fig. 267.— Differently shaped and therefore di:^erently 





spheres by a cli\'ision wall. Of these, the one has become elongated in a vertical, 
and the other in a horizontal " direction : each of the two halves, however, is 
divided by a cross-ivali produced at right angles to the long axis of the secondary 
cell, and thus have arisen two pairs of cells in a crossed position. The mother-cell 
/''■’was probably more completely spherical than the previous one, and, accordingly 

also, the form of division is different. The 
mother-cell has here become divided in a 
tetrahedral manner, as we are accustomed 
to say — i. e. six division-walls have been 
smulianeously, in such a way that 
the spherical mother-cell has become cut 
up into four daughter-cells, each of which 
would resemble a tetrahedon if the outef 
wall were plane instead of arched out- 
wards. The position of these division 
walls is illustrated in Fig. 268, and it may 
be recognised at once, that in this case 
the six walls simultaneously produced do not cut one another at right angles. It 
may be shown, however, that this case can be brought wdth that of the ordinary 
rectangular cutting of the succeeding division-walls under a common general 
expression. 

In all these various cases of the division of a mother-cell, the rule, also common 
elsewhere, makes itself evident,- that -the daughter^ which arise simultaneously 
are equal in volume to one another— ^i. e. the division consists in a halving of the 
mass of the mother-cell. This rule also of course suffers various exceptions in 

particular cases : otherwise, however, it is 
so comprehensive that it may always be 
laid down as the ordinary case. 

As the general rules of successive cell- 
division in growing organs, therefore, we 
can already state (i) that the daughter- 
cells are usually equal to one another in 
volume, and (2) that the new cell-walls are 
situated at right angles to those already 
present. 

Simple though these two rules may ap- 
pear, it is nevertheless difficult to prove 
their validity in many instances, according 
to the form of the mother-cen in each case. 
For example, when the dividing-cell has 
the form illustrated in Fig. 269— -Le. the shape of a tetrahedron -with curved 
surfaces — and if the successive divisions in it halve the volume each time, and in 
doing so stand at right angles on the preceding walls, a structure is obtained like 
that shown in the figure, from which the existence of the relations above mentioned 
can only be determined by careful geometrical considerations. 

That the mode of cell-division depends only upon the increase in volume and 
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Fig. 269. —Diagram of a tetrahedral apical cell ahcas met 
with in Equisetum and elsewhere, seen from above, de, fs", 
Jiki the walls of three successive divisions ; f the comer where 
the three walls cut one another like the sides of a cube. 
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the configuration of a growing organ, and not upon Its morphological or physio- 
logical significance, is one of the most general and iiiiportant facts to w^hich I have 
referred in my treatises already quoted. It was formerly supposed to be possible 
to characterise the true morphological or phylogenetic nature of an organ by the 
way in which its cell-divisions took place, and hundreds of treatises and laboriously 
drawn plates were devoted to this purpose. In the exposition which follows, I shall 
have plenty of opportunities of showing ho\v erroneous this assumption is. jMean- 
while, however, I will refer to a particularly clear case (Fig. 2 70). It is at once 
obvious that Figs. C and D exhibit essentially the same laws of cell-division ; in both 
cases we have a stalked capitulum, with transverse divisions in the stalk, and in the 
head itself transverse and longitudinal divisions which cut one another at right 
angles. But C is a glandular hair of the 
Gourd plant, and D a very common form 
of the embryo of a Phanerogam. In Fig. 

also we at once recognise the type 
of cell-division represented in C and D, in 
accordance with the outline of the simple 
organ ; but here the stalk remains undi- 
vided, having only formed the cell marked 
/z {Hypophysis). Above this the capitu- 
lum becomes divided into sectors, which, 
as shown in B, grow in breadth, and so 
give to the whole glandular hair the form 
of a mushroom. The comparison of the 
most various organs of the most different 
nature would only afford further examples 
of what has been stated above — that the 
form of the cell-division depends entirely 
upon the growth and outw^ard form (espe- 
cially the latter), and not upon its physio- 
logical and morphological significance. 

Among the most instructive relations 
between cell-division and growth I count 
also the fact that the cell-division need not 
take place during growth itself, but may 

appear only after its conclusion. In this connection, a particularly clear case has 
been established by Geyler in the shoots of Siypocaulon^ one of the Algse belonging 
to the Phaeosporese (Fig. 271). The whole of the apical region of such a shoot, 
marked .s* and 2r, as well as the region of the lateral shoots marked x and 
corresponds not only to the growing-point of an ordinary cellular shoot, but also to 
the portion which is elongating. Only the parts which have grown to their full 
extent, and marked I, II, etc., become gradually converted by division-walls into 
smaller and smaller cells, as shown in Fig. 271 ; and Geyler has established that in 
the course of these cell-divisions no more growth takes place. We have therefore, 
in this case, at the upper end of the shoot growth without cell-divisions, and in the 
older portions of the shoot cell-divisions without growth, 

F f 2 



Fig. JB hairs of different ages from the leaf of 

Pitig^iicula vulgaris ; C hair of Cuciirbiia ; D embryo of Nico* 
tiana (tobacco) ; h the so-called Hypopitysis. 
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On regarding a transverse section of an organ properly taken in accordance 
with its relations of symmetry, a characteristic pattern is as a rule presented. 
The individual cells lie by no means without order among themselves, but exhibit 
definite groupings and arrangements of the most various kinds, and, on a little 
reflection, certain arrangements are always visible, which are repeated even in 
the most different organs. It is beyond all doubt that these net- works of cells, as 
the pattern presented to the observer may most simply be termed, are an immediate 
expression of the processes of growth prevailing in the parts of the plant concerned t 



PIG, ayr,— A branch of Siypocauion sco^arnim FiG. 272.— -Transverse section of a root of the Nettle (C'rtica), s the 

m:h two smaller branches and y, and the rudiment » group (horizontal in the figure) of five vessels which existed at a very early 
of a third ff (after Geyler), All the lines indicate stage; the other vessels and lignified cells form a double group (verticalin the 
cell-walls. figure), c cambium from which the latter and the radially arranged tissue 

have arisen. Externally is a layer of cork, beneath which lies a layer of 
irregular tissue displaced by the growth in thickness (after De Bary). 

anci this in a manner exactly similar to what was explained previously by a few very 
simple examples, only that in organs which are composed of very numerous cells 
the relation between growth and the arrangement of the cells may often be not so 
easy to discover. 

For the preliminary guidance of the reader the following three statements may 
here be made in the first place. 

_ . . (i) The form of the pattern presented by a network of cells depends chiefly 
upon whether, after the successive cell-divisions, vigorous growth of single cells or 
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groups or layers of cells (it may be with subsequent cell-divisioiis) tabes place. In 
this case individual cells or groups or layers of cells may grow differeiiLly, their 
volume and form altering in a different way from the remainder, and in this case the 
one must necessarily have a definite effect on the other: mechanical influences of 
single cells or groups on those surrounding them must take place; tensions and 
pressures must make themselves felt, and only an exact investigation and con- 
sideration of the prevailing circumstances can give information as to what 
mechanical processes have co-operated in influencing the arrangement of the 
cells in the organ. We meet with this case wherever we are concerned with 
the external and internal development, and therefore the later phases of growth 
of the organs 

(2) The processes are otherwise so long as an organ is still entirely in the 
embryonic condition. In this case experience teaches that the entire mass of 
embryonic tissue grows as a whole that definite geometrical and mechanical 
relations exist between the whole arrangement of cells and the outward form of 
the grownng organ. Only \vhen the tissue passes from the embryonic condition 
into the second phase of growth, does the grouping and differentiation in the 
interior of the organ mentioned under (i) begin, and at the same time the pattern 
of the cell arrangement becomes essentially different. 

(3) The fact that organs of like external form may nevertheless present quite 
different patterns of cell net- works in their interior, causes peculiar difficulties in the 
understanding of these processes. In other words, the distribution of the processes 
of growth in the interior of organs which possess like external form may be very 
different. 

In our further considerations we wall confine ourselves, in the first place, to the 
relations presented in the embryonic tissue, and further, to such cases where the 
arrangement of the cells of the embryonic tissue are no longer essentially altered by 
subsequent processes of growth, as the latter occurs especially in the development 
of the woody mass from the cambium, and an the growth of various plants of simple 
organisation. 

Fig. 273 represents the view from above of a flat extended Alga { 3 Ieiohesm), 
and for the sake of simplicity we may assume that the entire body of the Alga 
consists of a simple layer of cells only (which, as a matter of fact, however, is not 
the case). It is easily recognised that the portion of the disc, expanded to a certain 
extent like a fan, has been produced by a further growth outwards having taken 
place on the one side of the primitively elliptical germinal disc. The cell-network in 
this case comes into existence by the flat extended plant-substance having become 
divided into small areolae — i. e, cells — by two systems of lines, wffiich correspond to 
the cell-walls. Of these systems of lines, or directions of cell-walls, the one series 
radiate in a fan-like manner towards the periphery of the body of the plant, wffiich 


^ I shall refer to this point more in detail in Lecture XXXIII. 

^ Cf. note I, p. 431. With reference to a statement of Pfeffer in his ^ PJianzen-physiologu,'' 
IL pp. 97, 9$, I need only remark that my quoted treatise * Vber Zelknanordmmg tmd WachsiJmm * 
was only possible from my regarding the cellrwall network as a necessary consequence of 
^Wachsthumshewegung '3 this had not been done before, apart from Hofmeister, with reference 
to whose view I have remarked all that is necessary. 
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they cut more or less exactly at right angles, and as they become further distant 
from one another in this course towards the margin new lines of cell- walls are 
continually being intercalated between them. The fan-shaped structure thus 
produced is shown particularly clearly on the right side of the figure; and it is 
noticed that the very various curvings of the radiating fan-like walls stand in 
definite relation to the curving of the line bounding the circumference which is, 
as a rule, cut by them at right angles. 

Besides this, however, the figure shows, especially on the left side, a larger 
number of lines— i. e. , cell-walls— which run parallel with the periphery, or, to put 
the fact better, conformably with it, and in the main these lines cut the previous 
system of fan-like rvalls at right angles. 'Geometrically expressed, the. two systems of 
lines which divide up the surface of the body of the Alga into areolae or cells of 
nearly equal size are orthogonal trajectories. The regular pattern of this cellular 
structure comes into existence essentially from the fact that only the cells at the 



FIG. 2T^.—Meloiesia (an Alg'a of the subdivision Florideas) seen from the 

upper surface {after RosanoJS). 


external margin of the surface grow radially outwards, and become divided now and 
then in the tangential direction. Cell-divisions thus take place only at the margin, 
and the cells further distant from it grow no more, either in the radial or in the 
tangential direction. Were the latter the case, the cell-network could only maintain 
its form by a perfectly equal distribution of the growth : in evqfy other case, however, 
it must be altered. 

Attention may here be drawn by the way to the further fact that the fan-like * 
radiating walls have all been drawn, even on the right side *of the figure, though in 
this portion the majority of the walls running tangentially have been omitted. It is 
seen that in this way there arises a cell-network different from that on the left side ; 
though the difference only depends on a minor point, viz. that the tangential 
division-walls exist in smaller numbers than on the left side, ■ and we could easily 
quote , examples of other Algae in which the whole cell-network resembles that 
represented on the right side of the figure. In such a case, however, the body of 
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.the plant gives the impression of having :been prodaced from d.ichotomous,Ij. branched 
cell ..filaments, .whereas this subjective impression .is:.,not produced by the left ' side , of 
the figure— unless by peculiar modes of thinking. 

reasons which wdll become clear in the further course of the exposition, 
I distinguish all those cell- walls, or directions of cell-walls, which run conformably 
with the circumference of the part of the plant under consideration, as Perklincs, 
in contrast to iht Anticlmes which are directed towards the circumference, or actually 
cut it, and these terms are now introduced generally into botanical phraseology. 
The periclines of our figure are therefore, according to what has been said above, 
usually Orthogonal trajectories of the anticlines. ■ 

Without too great theoretical difficulties, now, we may suppose the above figure 
to be the transverse section of an irregularly grown woody body. In this case the rows 
of cells lying at the margin, and alone 
bringing about the growth in surface, 
would correspond to the wood-cam- 
bium. The cells proceeding from the 
peripheral layer would then be de- 
veloped as wood-cells. As in the case 
of the Alga, so also the wood-cells ex- 
hibit no growth to speak of when they 
pass over from the cambial or embry- 
onic condition into their definitive form : 
the arrangement of the cells produced 
by the growth and cell-division in the 
cambium likewise undergoes, therefore, 
essentially no alteration. The processes 
of cell-formation in the cambium of 
wood, so far at least as the transverse 

section is concerned, are made evident, 274— Transverse section of the wood of a cherry stem 

• which had been deprived of its cortex on the 

how'ever, not merely in the individual side a two years previously, whence prominences had been produced 
* ^ sxmnp. The thick radial lines are fissures produced by the drying 

cells, but also in quite the same sense in follows the same law as the meduHary 

^ * rays represented by thin lines. 

the annual rings of the wood and in the 
medullary rays or 'silver grain' which 

traverse them. The annual rings appear here as periclinal layers of the mass of wood, 
the medullary rays as anticlinal lines of cells representing the orthogonal trajectories 
of them. If, as is the case with the inner annual rings in Fig. 274, the mass of wood is 
nearly circular in transverse section, the annual rings, if of equal thickness all round, 
form concentric circles, and the medullary rays then appear as radial lines, since they 
cut these circles at right angles. The figure shows, however, how the woody body has 
grown continually more irregular with increasing age : the annual rings (periclines) 
having grown much more in thickness towards the side a, than on the side 2. Finally, 
by a wound, fhe formation of wood had ceased at while it proceeded only so much 
the more vigorously at the margins of the wound n, p. In accordance with the 
course of the periclinal layers of wood thus produced, the medullary rays directed 
as anticlines have also now assumed other directions, so that they everywhere cut the 
annual rings or periclines at right angles. The peculiar and very various curvatures 
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of the medullary rajs are simply nothing further than the expression of the general 
rule that the anticlinal cell-walls are the orthogonal trajectories of the periclines. 
Supported by this general rule it is dso possible in any given transverse section of 
wood, the annual rings of which are known, to register at once the course of the 
medullary rays; or, when the latter are more distinctly recognisable than the 
annual rings, to make out the converse. 

In these cases we have had to do with processes of growth where increase 
in volume takes place in an easily intelligible manner only at the margin or 
circumference, the cells there formed, however, undergoing no further growth worth 
mention, although they pass over into the definitive condition of permanent tissue, 
in which the second phase of growth — i. e. elongation — is suppressed. 

We will now, however, turn our attention to those cases, at first of the simpler kind^ 
where an organ consisting entirely of embryonic tissue grows throughout its entire 

mass; where increase in volume 
takes place not merely at the cir- 
cumference but also in the interior, 
and accordingly division -walls ap- 
pear also in the interior. For 
the facilitation of the problem 
we will even here only concern 
ourselves with transverse and lon- 
gitudinal sections, or structures 
naturally flat, because the con- 
sideration of proper stereometric 
relations would not only cause 
great prolixity, but can also be 
dispensed with in the meantime 
for our purpose. The simplest 
case is of course presented by 
flat organs which consist of a 
single layer of ceils only. 

Our further considerations will gain in clearness, and will be much facilitated 
if we construct for ourselves on paper in advance various possible cases. It is 
already clear from what has been said so far that the ordinary case consists in the 
rectangular intersection of the periclines and anticlines. We may thus, for example, 
imagine an elliptical disc (Fig. 275) consisting of embryonic substance, and propose 
to ourselves the question, In what direction are the division-walls formed in it, 
if the growing surface (which always remains elliptical) is cut up into a large 
number of cells by periclinal and anticlinal division-walls intersecting at right 
angles ? Now the problem is solved according to geometrical principles in the 
elliptical figure given. In the first place, the area is divided into four quadrants by the 
major and minor axes of the ellipse, and the two foci are marked ff. As periclines, 
two other ellipses, and />, are drawn, possessing the peculiarity that their foci are 
likewise situated in or, in other words, the three ellipses drawn are confocal. 
Instead of three we might draw a large number of confocal ellipses. In order 
that the anticlines to be drawn in the figure everywhere cut the periclinal ellipses at 
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right angles, they must represent hyperbolas, and in sucli a way that around each of 
the two foci // z larger or smaller number of hyperbolas run, the axes of which coincide 
at the same time with the major axis of the confocal ellipses : or, in otlier w^ords, the 
anticlines A and a are confocal hyperbolas. In each case, according as we wish 
to have large or small cells in the disc, the number of confocal ellipses and hyper- 
bolas may be increased. It is noticed — to remark it by the way — that those 
hyperbolas the apices of which lie nearest to the foci //there make a strong curve : on 
the contrary, the apical curvature of the hyperbolas is so mucb the smaller the furtlier 
they are distant from the foci // and the nearer they approach the minor axis of the 
ellipse. If we further suppose the whole figure so altered that the rivo axes become 
equal to one another, then the two foci // coincide in one focus, the confocal ellipses 
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become converted into concentric circles, and the hyperbolas A and a then appear 
as straight lines which run from the centre to the periphery, and are thus radii 
of the circle. 

We have thus, by means of Our geometrical construction, obtained a general 
scheme for the way in which the cells must approximately be arranged in the 
supposed disc, if we divide it up into cells by periclinal and anticlinal partition- walls 
cutting one another at right angles : it will scarcely be necessary to say that the 
quadrangular portions of surface, or areolae, between the anticlines and periclines 
xepresent the cell- cavities. 

Having, then, closely impressed on the mind this scheme, the geometrical 
significance of which is readily understood, we find everywhere in such fiat objects 
the cells arranged in patterns which obviously accord with our scheme. In order 
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to demonstrate the validity of this construction on only a few examples taken quite 
at random, we may consider Fig. 276. In this case A represents the approximately 
elliptical germinal disc of the Alga \Melohesid) which have already considered 
above. We at once recognise the walls corresponding to the major and minor 
axes of the ellipse, by means of which the originally unicellular embryo-plant is cut up 
inlo four quadrants : moreover, in spite of a few disturbing interruptions in the walls, 
two confocal ellipses are recognised as periclines and two hyperbolas on either side as 
anticlines. At the circumference of this disc we of course notice cell- walls which are 
not continued inwards ; if, however, they were completed inwards, they too would 
form hyperbolas, I may take this opportunity of pointing out that in an object 
which is in other respects constructed according to our scheme, individual portions 
both of the periclinal and anticlinal lines may nevertheless be wanting, because the cor- 
responding cell-divisions have been suppressed: the scheme only implies that when 

cell- walls do arise they must lie in the 
directions given. That the scheme holds 
good for the most various cases, is at once 
shown on regarding Fig. 276, Z?, which 
represents a transverse section through the 
slender growing-point of Salvinia^ and 
. which represents the transverse section of 
the vein of a young leaf of a Fern {Tricho- 
manes). 

When the elliptical circumference ap- 
proaches the circular form, or actually 
becomes a circle, as in the Figures 

Af', here also two anticlinal walls 
(in this case radial walls) are the first to 
appear, by means of which the disc is di- 
vided into equal quadrants. If further cell- 
divisions now follow inside the quadrants, 
it would at once contradict the law of rectangular intersection if these new walls 
were to run from the centre to the periphery; since these anticlines (radii) would 
then meet in the centre of the disc at very acute angles. This never occurs : on 
the contrary, all such objects show that the anticline's running inwards from the 
circumference make a curve in order to abut laterally on one of the preceding walls 
of the quadrants, though the direction in which these curved anticlines run may 
be different in each quadrant. 

While, in the construction of the foregoing scheme, I started from a geometrical 
form with perfectly defined outline— i. e. an ellipse— it was thereby implied, if the 
anticlines and periclines cut at right angles, that the periclines must be confocal 
ellipses and the anticlines confocal hyperbolas. It would, of course, be impossible to 
produce with the same exactness geometrical constructions for every kind of outline 
which an embryonic organ can show ; but it is at once clear that even when the out- 
line is not actually an ellipse, but only more or less resembles one, the entire cell- 
network must nevertheless present a pattern similar to the one which there exists, if the 
anticlines and periclines cut one another at right angles. For example, in Fig. 277 



Fig. S77 . — A a youngf, B an older embryo hi A Itsma 
plantago, a a the anticlines ; / f the periclines. 
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Fig. 278.--^ a very young, B an oldei* embryo of Orobanche (after Koch). 


A B the resemblance to oiir scheme is again perceived at once, although the outlines 
can hardly pass as ellipses. Besides, we' have here the case that the organ which 
we are considering as cut up into cells simultaneously with growth is provided on 
the one side with a stalk. In such cases a hypophysis {Ii) regularly makes its 
appearance at the boundary be- 
tween stalk and head. Hanstein ^ 

formerly held this to be an organ 
peculiar to the embryos of Pha- 
nerogams : it is, however, nothing 
further than the expression of the 
general law of cell-division for the 
case here given. 

In these figures we meet with 
yet another fact of experience, in 
that the sequence in time in the 
origin of the anticline and peri- 
cline w* alls, even in very similar 
objects, is variable in a high 
degree. Sometimes, as in Fig. 

2 77 numerous anticlines are 

produced, the periclines (p in B) only following subsequently; or periclines arise 
followed at once by the anticlines, as in Fig, 278 B. But even this in no way alters 
the validity of the scheme described above, in the construction of which it is of course 
immaterial whether the anticlines or the periclines are drawn first. 

As a rule, the external form of very young organs w^hkh still consist of 
embryonic substance changes as 
they gradually develope. Hence 
the case occurs not rarely that 
walls which have already been 
produced undergo displacements 
and curvatures during the alter- 
ation in form of the entire struc- 
ture, in such a manner that they 
now become adapted to the new 
form of the organ as if they had 
only been produced after its at- 
tainment. Since this case, hither- 
to little noticed, is of peculiar im- 
portance for the theory of growth, 
because it throws new light on 
the intercalations and movements 
taking place in the embryonic 

mass of tissue, I may here adduce an illustrative scheme and an example. In Fig. 
279 to the left is represented a filamentous structure, which is divided by several 
transverse walls T’J'and by one series of longitudinal walls. The figure on the right 
shows us the same structure after the filament has become transformed into a stalked 
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elliptical disc: one of the preceding transverse walls T is still present as a straight 
transverse wall RR, and the series of longitudinal walls referred to above also still 
exists as a straight longitudinal wall in the direction of the major axis of the ellipse. 
In accordance mth the mode of growth mentioned, however, the other walls pre- 
viously marked Thave now^ become converted into hyperbolically curved anticlines A. 
This figure is only constructed hypothetically, and agrees with the requirement that 
a filament consisting of two longitudinal rows of cells shall become converted into 
a stalked ellipse, under such conditions that the walls still cut one another at right 
angles. 

In Fig. 280, which represents the development of a gemma of Marchaniia, there 
will be perceived at once, in Figs. I-IV, alterations of the cell-network which agree 
in all essential points with the processes illustrated in the diagram (Fig. 279). 

On the other hand, however, it also happens that networks of cell-walls undergo 



Fig. 2S0. Development of tlie {jemma of Ma^rchantia. 


displacements by growth, of such a kind that the usually rectangular cutting of the 
anticlines and periclines passes over into one more or less oblique. This is occasion- 
ally the case in growing-points, the growth of W'hich we shall only consider later on, 
It is to be recognised more easily and frequently, however, on transverse sections of 
woody bodies with excentric layers. This process also may be made clear most easily 
by means of a hypothetical construction. In Fig. 281 I have assumed that a mass of 
wood which is circular in transverse section possesses a pith situated very excentrically. 
The first ring of wood, /, is equally thick all round ; but all the succeeding annual 
rings, II~VI 1 , have grown much thicker on the north side {N) than on the south 
side {S). In order to simplify the construction it is assumed that the circumference of 
each annual ring is nevertheless circular. The scheme may be so imagined that the 
points 2, 3 — ’j on the line NS are the centres of the six annual rings following one 
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another. Now if the medullary rays were exact orthogonal trajectories of the annual 
rings, as is the case where the growth of the wood is regular, they must cut the cir- 
cumference of the disc of wood at the points r r. But all the medullary rays, on the 
contrary, arc curved towards the point N, and therefore away from S; or, in otlier 
■words, they arc driven over towards the line of strongest growth, which reaches 
from the pith to iV, This scheme is intended to illustrate no theory, but only the 
fact, which is very often to be observed on transverse sections of wood, that the 
medullary rays are driven to\vards the side of strongest growth of the wood, and 
therefore sacrifice their rectangular intersection with the periclines — i.e. the annual 
rings. Fig, 282 represents a particularly clear example in the transverse section of an 
excentrically grown stem of the Lime. It is easily noticed that the medullary rays ,v / 
are driven from the right as well as from the left towards the line of strongest growth. 


>r 



Fig, aSr. 


It is not to be forgotten, howevei*, that we are here concerned with a transverse 
section of wood, the growth and cell-divisions of which take place exclusively in an 
outer narrow zone of the periphery, viz. in the cambium, whereas in similar cases in 
growing-points the entire mass of embryonic tissue with its anticlines and periclines is 
growing. 

We have hitherto regarded the cell-network as a superficies only, and the 
anticlines and periclines as simple lines. If we give a certain thickness to these flat 
structures, nothing is essentially altered thereby ; what are mere areolse in the above 
figures then behave like the stones of a mosaic, and are actual cells. The matter is 
quite otherwise, however, when we come to look upon the figures hitherto considered 
as longitudinal or transverse sections of ellipsoidal or spherical bodies, or when the 
organ possesses any such form , as, that of a lens, or a compressed ellipsoid, &c. 
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Our space being limited/ however, it must be left to the reader to reflect upon the 
matters in question. I will only refer to one particular case, since it is common every- 
where. When an ellipsoidal, or spherical, or similar body becomes divided, w^alls 

regularly occur in three direc- 
^ a tions, cutting one another at right 

angles, in such a manner that 
the body is first cut by a wall into 
tw^o usually equal halves, each of 
which is then bisected by a wall 
standing at right angles to the 
first wail, and then a wall at right 
angles to the first and second; 
cuts the whole into eight octants. 
In each of these, anticlinal and 
periclinal cell- walls now appear, so 
that transverse and longitudinal 
sections give figures such as we 
have already considered. Here, 
as already said, it is of no •mo^ 
ment whether we regard the capi- 
tulum of a hair/ an embryo, an 
antheridium, or aily other organ. 
For example, Fig. ; 283 represents 
a median longitudinal section (of 
course very diagrammatic) Of the 
embryo of a Fern, produced from 
the fertilised oosphere. The anticlines and periclines are at once recognised as we 
constructed them in our scheme for an elliptical disc, particularly in the case of the 
avails marked A a and Fp, In order to obtain an idea of the true state of affairs in this 

case, however, we must suppose 



Fig. sSa— Transverse section of the wood of a V\\m{Tika.j^latypkyUo$), 
f if medullary rays; ap fissures produced by drying; * side of feeblest, a that 
of strongest growth in thickness. 



the figure to have made a complete 
revolution round the long axis 
of the ellipse and thus described 
an ellipsoid in space. The draw- 
ing then represents only a mediaii 
longitudinal section of this ellip-f 
soid, the entire cellular structure 
of which would only be perceived 
when also viewed from above, 
from below, from behind/ and 
from before. It would then be 
found, moreover, that the whole 
ellipsoid is also completely di- 
vided by' a wall in the plane of the paper, and thus that not merely four 
quadrants are present, as our figure shows, but eight octants. In each of these 
octants, again, there has arisen in the first place an anticline, .<4, approximately 


Fig. 283. 
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of the form of a watch-glass, or, since according to our construction, the anti- 
clines A are hyperbolas, each of the walls would represent a hyperbolic surface 
in the body of the embryo, and in like manner the pcriclines P and / ^^'0^1d 
represent portions of ellipsoidal surfaces. The further growth and formation of 
organs in this embryo then proceeds by means of the cells 3, si, and 7a, which 
arise in the octants. In the two lower octants to the left, two cells (as si) are 
formed : these are the so-called apical cells, of which, however, only one is con- 
cerned with the further growth, and constitutes the apex of the stem of the young 
Fern. This apical cell of the stem has the form of a tetrahedron (cp. Fig. 269, 
above) in which, as growth proceeds, new division-walls continually appear parallel 
to the anticlines. The same happens also in the apical cell of the first root zif, 
where, however, in addition to the anticlinal segmentations parallel with A and a., 
pericline-walls p are also cut off for the formation of the root-cap. In accordance 
with the origin there are properly, also two such root-rudiments present in the octants 
situated to the fight above, but the actual fonnation of a root takes place in one of 
them only. The apical cell h becomes united with the corresponding one of the 
octant lying next it for the formation of the first leaf of the embryo Fern. 

We here become acquainted with a new relation between cell- division and 
growth. From what has been said it may be observed that certain cells, previously 
determined by the general law of growth in the embryo, make themselves evident as 
the points of origin of the new organs of the stem {si), of the root (w), and of the 
first leaf (h ) ; and with respect to the apical cells st and la which, as stated, possess 
the form of a tetrahedron, the important fact may here be brought forward that the 
production of these apical cells is a necessary consequence of the law of cell-division 
prevailing in the embryo. This observation is of importance, because, until the 
appearance of my investigation on the arrangement of cells, the causal relation was 
believed to be an entirely different one. Indeed, people went so far as to regard the 
fertilised oosphere itself as the first apical cell of the stem; just as, in general, an 
entirely unwarranted importance had been attributed up to that time to the apical 
cells which are found in the growing-points of many Cryptogams. This will become 
clearer in the sequel. 

The subject of the relation between growth and cell-division in the growing- 
points of shoots and roots is more difficult than in the cases considered hitherto ; but 
even here I have succeeded in making the facts clear on the principles laid down at the 
commencement of this lecture, after hundreds of careful investigations on the cellular 
network of the growing-point had provided material, welcome and valuable, it is true, 
but by no means intelligible. Just as do the organs hitherto considered, which 
consist entirely of embryonic substance, so also do the growing-points of roots 
and shoots show characteristic cell-wall networks or cell-arrangements on properly 
directed longitudinal and transverse sections, and these everywhere, even in the most 
different species of plants, agree with the type. This depends essentially upon the 
fact that the embryonic substance of the growing-points, as it increases in volume on 
all sides, becomes divided up into compartments, or chambers, by cell-walls which 
cut one another at right angles. The longitudinal section of a growing-point ahvays 
shows a system of periclines, cut by anticlines which in their turn constitute 
the orthogonal trajectories of the former. If we are here concerned with growing- 
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points of fiat strnctiires, then only these two systems of cell- walls are present ; if, on 
the other hand, the growing-point is hemispherical, or conical, or of some other 
similar shape~™i.e. not merely fiat, but forming a solid body— then there exists still a 
third system of cell-walls, viz. longitudinal walls running radially outwards from the 
longitudinal axis of the growing-point. 

It will conduce to intelligibility, however, if we here again confine our 
further considerations to a scheme constructed arbitrarily, but according to definite 
rules. We may, in the first place, take simply the superficial view of a longitudinal 
section through a growing-point. Confining our attention to Fig. 284, the outline 
EE of which represents the longitudinal section of a conical growing-point, we may 
premise that this outline, which is often nearly realised in nature, possesses the form 
of a parabola, and that the chambering of the space occupied by the embryonic 
substance of the growing-point again takes place in such a manner that anticlinal 
and periclinal walls cut one another at right angles. With this premiss we can now 
construct the network of cells in Fig 284 according to a well-known law of geometry. 



Given that xx represents the axis, and j/jy the direction of the parameter, all the 
periclines denoted by Fp form a group of confocal parabolas. Similarly, all the 
anticlines Aa form a system of confocal parabolas having their focus and axis in 
common with the preceding, but running in the opposite direction. Two such 
systems of confocal parabolas cut one another everywhere at right-angles. 

We may now see whether a median longitudinal section through a dome-shaped 
and approximately parabolic growing-point presents a net-work of cells essentially 
agreeing with our geometrically constructed scheme; and we at once find in the 
growing-point of the Larch, for example (Fig. 285), the corresponding internal 
structure, simply noting that in the figure the two protuberances hh disturb somewhat 
the symmetry of the figure. These are young leaf-rudiments budding off from the 
growing-point. However, we at once recognise the two systems of anticlines and 
periclines, the curvatures of which it can scarcely be doubted cut one another at 
right angles as in our scheme above; or the anticlines are the orthogonal trajec- 
tories of the periclines. As in our scheme, also, only a few periclines under the apex 
S run round the common focus of all the parabolas; the others as they come from 
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below only, reacli the. neighbourhood of the focus.. In other ,words, the correspoiidiiig 
cell-divisioiis only take' place when the periclines beneath the centre of curvature .have 
become.' sufiiciently far removed from one another for new pe.ricliiies to be intercalated,, 
between them ; and the same is true of the anticlines A a. It is easy to see on the 
scheme. Fig. 284, that the curvatures of the construction-lines are particularly sharp 
around the common focus of all the anticlines and periclines. 

Many hundreds of median longitudinal sections through growing-points of 
shoots and roots, drawn by very different observers without even the most distant 
perception of the fundamental principle, accord with the construction which I have 
given, and demonstrate its accuracy; and, further, it may be said that all these 
observations have been made under the influence of two false premisses ; first, that 
growth — i.e. increase in volume — takes place chiefly at the apex of the growing-point, 
and secondly, that cell-divisions are an essential cause of growth. That the latter 
is unfounded has already been insisted upon above, and I have shown clearly that 
it is just the apical region of the growing-point which is that where growth is slowest 


S 



Fig. 285,— Longitudinal section through the growing-point of a winter-bud of Aln'es pecHnata (X about 200). 
• s apex of growing-point ; i b youngest leaves ; r cortex ; m pith. 


and increase in volume least. The details of this, however, would here carry us too 
far. It need only be mentioned that the mere consideration of the cell-network at 
the growing-point and the course of the anticlines and periclines shows most 
clearly that growth must be less active at the apexX itself ’ than at any point lying 
further back. It is only necessary to suppose that in the scheme (Fig. 284) growth 
— i.e. the intercalation of mass — is more active in the neighbourhood of the focus 
of the anticlines and periclines than further back, to see that, according to the 
described laws, the cell-network must assume quite another form — i.e. the course 
of the anticlines and periclines must be essentially different. 

Perhaps this important and formerly incorrectly apprehended relation will be 
rendered sufficiently clear if we here again make use of an arbitrary construction. 
We may assume that in Fig, 286 the lower figure represents a square 'surface 
consisting of 36 cells, and, for the purpose of better guidance, the lines yy and m are 
drawn thicker. Let us now suppose that these 36 cells begin to grow as a whole, and 
that the upper figure arises therefrom. The line vi then represents the longitudinal 

[ 3 ] Gg 
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axis or axis of growth which divides the entire Egure symmetrically in both cases. 
The lines gq^ on the other hand, are intended to show the boundary between two 
different forms of growth in the given cell-network. In the cells lying beneath 
g Sg growth has taken place as in the growing-point considered above j the lines 
yj', h h form confocal parabolas. ' On the other hand, the growth above the line gSg 
has taken place as it was formerly supposed, to do — namely, the growth in length 
has here been most vigorous at the apex. It is at once obvious that in this vray an 
entirely different cell- network arises, and that the periclines and anticlines assume 
quite other directions than at the apex of an ordinary growing-point. In the case of 





Fig. 286. 


the lattei*, the pieces \ ^h and B, intercalated between the periclines, become shorter 
in the given direction ; above the line yy, on the contrary, the pieces ttg eB, inter- 
calated between the periclines, increase in length in the order given. 

The state of affairs arbitrarily constructed in this scheme, however, is found 
as a matter of fact in many roots of vascular plants, as shown in Fig. 287. The 
growing-point of the root, the outline of which is here indicated by the line If B", 
presents the cell-network as in our scheme Fig. 284, and accordingly as in the portion 
situated below in Fig, 286. On the other hand, the mass of tissue marked by 
the outline khh h the root-cap, and it is at once perceived that this corresponds 
with that mode of growth which is represented in Fig. 286 above the line gSg. 
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Moreover, such a separation between the growing-point of the root and its cap 
does not exist in, all true roots; there may occur rtiiite other distribiitio.iis of growth 
at the apex of the root, and accordingly aiso very different net-works, of. cell-walls. 

That distribution of growth by 
which the intercalation of mass in- 
creases from the apex dowmwards, and 
at the same time from the longitudinal 
axis outwards, and by means of which, 
as we have seen, the anticlines are 
caused to radiate like a fan, occurs, 
however, not only in root-caps, but 
also in many other cases, especially, 
for example, in the growth of very 
young ovules. Fig. 288 may finally give 
another simple scheme for the cell- 
wall net-W'ork, and the course of the 
anticlines and periclines in such a case. 

It must be left for the reader, however, 
to picture how the structure B has 
arisen from the two cell-series in A fig. 287 . 

by means of the corresponding pro- 
cesses of growth and subsequent cell-divisions, it being simply observed that the 
walls marked a and as well as those marked i, 2, 3, 4, are in both figures the 
same. 

Finally, the remark may be added that the first described arrangement of 
the cells at the growing-point may be 

termed confocal, while the last one may ^ 

be regarded as co-axial, or fan-shaped, 
and that young organs of similar out- 
ward form present sometimes the one, 
sometimes the other structure : in other 
words, the intercalation of mass in the 
interior of an organ may accord with 
the one or the other type, though the 
external form of the organ is the same 
in both cases. 

If we now return once more to 
the parabolic, dome-like growing-point, 
from the consideration of which Ave 
started, and the median longitudinal 
section of which is here once more re- 
presented, we may now assume further 
that the figure included by the line 

BB has made a complete revolution round the longitudinal axis X X, It 
is intelligible that then also each of the periclinal and anticlinal lines must have 
described a parabolic surface, and if we represent to ourselves the resulting figure, 

Gg2 
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it consists of a large number of superposed concavo-convex layers, the curvature 
of which increases upwards; these are the layers the vertical sections of which 
are represented by the anticlinal lines A a of our scheme. Since, however, in the 
postulated revolution about the longitudinal axis X X, each of the periclinal lines 
P/has also described a parabolic surface, these concavo-convex layers are divided 
up into corresponding rings which run concentrically around the longitudinal axis 
X X, Now, in order that these concentric rings may fall into approximately cubical 
cells, in agreement with the problem, we must suppose still another system of cell- 
walls to be interpolated, which radiate out from the longitudinal axis X X m radial 
directions to the surface EE of the growing-point. These are the radial longitudinal 
walls, of which, however, only four can cross one another in the longitudinal axis 
XX; the others only commence further outwards, and will, according to our 
construction, exhibit approximately the same course as the medullary rays on the 
transverse section of a woody body. Or, in other words, the transverse section 





Fig. S89. 


of a paraboloidal growing-point shows concentric layers of cells which at the same 
time exhibit radial rows, splitting up more and more as we proceed outwards. 

Growing-points of this description, as a matter of fact, are very common both 
among roots and shoots. They may, however, also be formed quite otherwise, and 
especially so that two successive longitudinal sections standing at right angles have 
different diameters or parameters — i. e. the growing-point appears compressed on 
the one side and dilated on the other, and accordingly the network constituted of the 
anticlinal and periclinal walls will then also present different forms. However, here 
again this indication must suffice. 

In a large number of Algae and most Hepaticae, all true Mosses, Equisetums, 
Ferns, and Selagiiiellas, there is found at the apex of the growing-point of the shoots 
and roots a cell, which is usually characterised both by its size and shape, and 
which occupies the actual apical region of the growing-point : by the repeated divisions 
of this cell into two, as it itself goes on growing, daughter-cells become cut off in 
definite sequence, from the further growth and repeated cell-divisions of which the 
whole of the tissue of the growing-point in question arises. These daughter-cells cut 
off from the apical cell are termed segments, and Naegeli, who first described this 
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important fact In 1845, showed how all the tissue-cells, not only, of the growing- 
point but also all those subsequently produced by their ' agency, may be compre- 
hended as descendants, with definite sequence in space and time, from the segments 
of one apical cell. For more than thirty years the most careful investigations 
have been devoted to this study, and for this reason alone it is necessary for 
us to concern ourselves here somewhat 'more closely with it, and especially 
because serious errors with respect to the relations between growth and ceii-division 



Fig. 290, — Apex of a shoot of C^dsm—^longitudinal section. 


have slipped into the subject — errors which have retarded the development of the 
whole doctrine of growth. In the first place, however, it is necessary to make the 
reader acquainted with the facts. 

When an algal filament or a fungus-hypha grows in length, this takes place 
usually, but by no means always (e. g. not in the case of Spirogyra and other Con- 
jugatae), in such a manner that transverse divisions are formed only at the end of the 
filament which represents .the growing-point., The cell at the end, which alone grows 
forward and divides, may. be distinguished as the apical cell : such a cell is also found 
at the end of the rhizoids of Mosses aiid Chaface^, where, however, the transverse 
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septa are placed obliquely. The significance of the apical cell comes out more 
conspicuously and characteristically when the products of division (segments) arising 
from it not only themselves grow further but also undergo essential changes of form 
and corresponding cell-divisions, as is the case in many Algae, and especially in the 
Characea? : Fig. 290 may serve as a scheme for the latter. The cell marked v, at the 
end of the shoot, is in this case the apical cell, from which all the organs and tissue- 
cells of this plant can be derived by the formation of segments and the growth 
and further division of the latter. Every time this cell elongates a little in the 
direction of the longitudinal axis, there appears in it a transverse wall, an anticline, 
convex downwards. The cell cut olf by this is the segment. This now grows also 
in length and in circumference, and after a short time is divided into two cells 
by means of a transverse wall convex upwards, viz. into an upper one which possesses 
the form of a bi-concave lens and into a lower one shaped like a bi-convex lens. 
The growth and further fate of these two daughter- cells of the segment in this case 
then differ in important respects. The lower bi-convex cell thencefor^vard grows 
vigorously in length, without undergoing further divisions ; the figure shows how 
this ceil gradually assumes the forms i\ i", and how the longitudinal axis 

of the shoot is produced by numerous such cells. The bi-concave daughtei*-cell 
of the system, on the contrary, soon undergoes vertical divisions, and is trans- 
formed into a disc, or so-called node, consisting of cells, since it grows chiefly 
in the transverse direction, and only very little in the longitudinal direction of the 
shoot. Certain cells situated -at the margin of this disc now grow out and project 
upwards, ; these outgrowths then develope further into the leaves 
and subsequently, by the growing out of certain cells at the nodes, lateral shoots 
JT, and from the leaves themselves sexual organs a and arise. It will best be 
seen what can be produced from a segment of the apical cell by means of the 
gro’Wth described and the subsequent cell-divisions, on observing that the parts 
marked in each case alike with i and h and surrounded by a thick contour have 
always proceeded from one segment. It would occupy too much time for our 
purpose to show^ how all the various cells in the tissues of these organs gradually 
arise from the originally bi-concave nodal cell, in perfectly definite sequence and 
in accordance with the law of cell-division described above, and bow these organs 
eventually become altered in form by means of elongation and increase considerably 
in size. 

On account of its simplicity and intelligibility, Fig. 291 may be examined in 
addition with respect to the apical cell and its segmentation. This represents the 
growdng-point of an Alga, Diciyota, which has just split into two similar growing-points, 
a and b, by so-called dichotomy. In a we see the apical cell, shaped in accordance 
with the slightly arched form of the thin ribbon-like shoot, like a bi-convex lens, 
from which, after having elongated a little in the direction of the axis of the shoot, 
the segment i has been produced, and this has already become divided by a median 
longitudinal wall into two equal halves. The groups of cells marked 2, 3, 4, and 5, 
are older segments of the apical cell, in which, as they have grown in length as well 
as in breadth, more and more numerous anticlinal and periclinal -walls have gradually 
made their appearance ; and here also it is easily understood how the whole mass of 
tissue of the shoot arises from the segments of the apical cell. In h, a longitudinal 
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Fig. 291.— End of a ribband-shaped flat slioot of tbe Alga Didjota. 


wall has arisen, . in the apical cell itself, wherewith is given the coirimencement of 
a dichotomoos branching of this growing-point which itself proceeded from a 
dichotomy. As for the rest, how- . . 

ever, the same relations as before 
prevail, and it is at once noticed 
in the figure how the two growing- 
points a and B show by the anti- 
clines further backwards their origin 
from a previous dichotomy. 

Ill the two cases examined the 
segments are cut off from the apical 
ceil by simple transverse walls. Fig. 

292 may serve as an example of the 
case where from an apical cell on 
a flat organ (leaf of the Fern Cera- 
topieru) the segments are formed 
by successive division-ivalls situated 
obliquely right and left (A), whereby 
two rows of segments arise, from the 
further growth and corresponding 
cell-divisions of which the whole of 
the tissue of the leaf is produced. 

The thick lines in the figure are the 

older segment-walls of the apical cell ; and it is noticed, proceeding backwards from 
this, how the superficies of the segments have become larger and divided by anticlinal 
and periclinal cell-walls in accord- 
ance with their age. At Z a lateral 
lobe of the leaf is protruding; this, 
as is easily seen, belongs to two dif- 
ferent segments, and since numerous 
anticlinal walls already exist in it, 
which radiate in a fan- like manner 
into the lobe and participate in its 
whole growth, no apical cell is 
formed here. 

Such apical cells, segmented in 
two rows, are common in flat organs, 
as in the leaves and flat shoot-axes 
of many Algae, Liverworts, and in 
some dorsiventral shoot-axes of Vas- 
cular plants — e. g. in many Ferns 
and all Selaginellas. In growing- 
points the transverse section of which 
is circular and the growth upright, 

and especially in the true roots of the Vascular Cryptograms, we find, on the contrary, 
at the tip of the growing-point an apical cell from which segments are cut off on three 



Fig, a92.-“Youngf leaf of Cerato^teris (after Kiiy), 
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sides. This can of course only be recognised with certainty when the apical ceil is 
observed from above., or in transverse section ^ since such a tetrahedral apical cell 
seen in longitudinal section presents a very similar appearance to the biseriate 
ones described above. This state of affairs will be clear on regarding Fig. 293. 
A represents the longitudinal section, and £ the view from above of the apical region 



of the growing-point of the root of a Fern, v being the apical cell in each case. In B 
the numerals I-VIII mark the transverse sections of the concentric segments of the 
apical cell v : in these are to be recognised in the longitudinal section by their walls 
being drawn with thicker contours. In this example there is added a further com- 
plication, however, since we are concerned with a root, and accordingly also with a 
root-cap. This root-cap is indicated in Fig. 293 A by means of the letters k I m //, 
and its cap-shaped superposed layers are in fact also segments of the apical-cell 
which have been produced by successive transverse divisions which have then grown 

further. In the growing-point of a shoot 
with a tetrahedral apical cell these caps 
klmn would be absent. It is not quite 
so easy to see that even such tetrahedral 
apical cells obey the law of rectangular 
intersection of the division-walls ; and even 
the most distinguished observers in this 
difficult province have for years erroneously 
supposed that the segment- walls of a te- 
trahedral apical cell cut one another at 
angles of 60°, because such appears to 
be the case from the view in transverse 
section, which represents an equilateral triangie. I have shown, however, that 
such an apical cell is correctly apprehended by supposing a corner so cut off from 
a cube that the triangular surfaces which meet in the corner are equal to one another, 
and, in addition, that the four bounding surfaces are arched outwards, as shown 
by the lines ahem. Fig. 294. This represents the upper view of a tetrahedral apical 
cell, and the walls d fg^ h k are the successive segmentations which appear in it : 
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2 being the .corner in which the three, youngest segment-walls, always cut one another. 
The preceding figure (Fig. 293) shows now in the, main for this case also, how 
the whole of the tissues of the organ in question arise by successive, cell-divisions 
from the segments of such an apical cell. 

The segment- walls of apical cells with two or three sides are in fact 
simply anticlines, and the subsequent division-walls in the segments are some- 
times anticlinal and sometimes periclinal, so that the segments, just as we have 
seen to be the case before, break up into a network of walls consisting of orthogonal 
trajectories. A simple alteration of the scheme given in Fig. 289 here comes in 
only in.so far that the anticlines under consideration (Fig. 295 A a) do not at once 
cut through across the whole apex, but meet one another from two or three sides : 
Fig. 295 B -shows, however, how each of the anticlinal segment-walls is subsequently 
completed by means of a further piece into a complete anticline A a. The 
difference, which is of importance, will be evident at once on comparing the 
figures A and B. Moreover, since tetrahedral apical cells only occur in solid 



growing-points which are circular in transverse sections, and not in fiat ones, radial 
longitudinal walls also appear in the segments in addition to the anticlines and 
periclines, and alternating with them. 

Since, as Naegeli showed so long ago as 1845, tissues of a root or shoot 

may be derived progressively and in genetic sequence from the apical cell, wall for 
wall, the opinion arose gradually that the whole process of growth in the growing 
point is ruled by the apical cell itself, which, by means of its segments, adds stone 
upon stone to the structure like a builder. Nay, matters (!Ven went so far that the 
belief arose, wfithout any foundation, that the apical cell is in fact the position of most 
rapid and vigorous growth in the embryonic tissue of the growing-point. I have 
already referred in my previously quoted treatises to the erroneous character of both 
views : the apical cell, as also the apical region corresponding to it in growing-' 
points not provided with such a cell, is, on the contrary, the place of slowest growth, 
and in no part of the growing-point do cell-divisions occur so rarely as the segmenta- 
tions in the apical cell This can be concluded with certainty from the increase in 
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volume of the- successive segments, and from the number •of partition-walls in 
segments of different ages. 

So far as regards the importance of the apical cell as the ruler of the whole 
growth in the growing-point, however, I showed that that cell represents merely 
a break in the constructive system of the growing-point— i.e. the apical cell 
is that spot in the embryonic tissue in which neither anticlines and periclines nor 
radial longitudinal walls have as yet been formed. In order to understand this, 
it is only necessary to compare Fig. 295 with the previous scheme, Fig. 289, 
There, a few of the periclines run continuously round the focus beneath the apex, 
and in the same way the uppermost region of the apex is traversed by anticlines, 
so that the proper apical region of the growdng-point is occupied by small areolae or 
cells. In Fig. 295 A, which possesses an apical cell, the periclines all cease, on the 
contrary, at some distance from the apex; we need only complete these, ho^vaver, 
into confocai parabolas with the focus S, and suppose in addition a few sharply 
curved confocai and parabolic anticlines interpolated above the uppermost anticline 
Af and then the impression of an apical cell disappears altogether, and we have a 
growing-point such as is found in all Phanerogams and many Cryptogams. Or, 
conversely, we need only suppose in our scheme, Fig. 289, the anticlines next the 
apex and the upper curved portions of the periclines to be wanting, and we obtain 
an apical cell, as in Fig. 295 A. In apical cells from which segments are cut off 
on two or three sides, the relation referred to is, it is true, a little more complicated, 
but it is easily noticed on regarding Fig. 295 ^ that here also we are enabled by 
properly completing the periclines jP, with the help of a few anticlines, to convert the 
apical cell into a small-celled mass of tissue. As a matter of fact, corresponding 
transformations of apical cells actually occur when the growing-points cease to grow 
further as such, e.g. in the prothallia of some Ferns. 

By means of this explanation of the apical cell which I have established, the 
criticism of the constructive processes in the growing-point obtains as a general 
principle. While growing-points with and without apical cells were previously 
regarded as essentially different, and the opinion was even entertained that an 
apical cell must be found even in all phanerogamous growing-points ; according 
to my view of the matter, on the contrary, the presence or absence of an 
apical cell appears as an interesting but quite secondary point in the growth of the 
growing-point. Even the case as it occurs, for example, in the roots of the Marattiacese 
among the Ferns, where a group of large apical ceils is present, may be 
referred without constraint to the principle mentioned. It is to be mentioned on 
the other hand that apical cells are only possible, in the sense here employed, when 
the periclines and anticlines constitute systems of confocai curves, or, shortly, 
in growing-points with confocai structure. If, on the contrary, the growing-point 
is traversed by anticlines which run in a fan-like manner, and the increase in 
volume is. greatest towards the apex, as was shown above in Fig. 288, it is then 
possible, under certain circumstances, still to assume the existence of apical cells 
in the wider sense, but in these cases authors have not spoken of apical ceils, and 
so we also may overlook them. In any case, in the older mode of looking at the 
apical ceil, it must remain enigmatical why this varies so extraordinarily in its 
occurrence and even in its form that, as it was formerly expressed, the growth of 
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one lobe of a. leaf tal«3s place by means' of an apical , cell, , and that of another lobe 
merely by so-called marginal cells, as in Fig. 292. From my way of looking at the 
relations of dependence of cell-division upon 
growth, however, such cases appear thoroughly 
explicable. 

Flat structures, such as the shoots of 
many Algse and Liverworts, and many leaves, 
often show on a vertical section through the 
flat tissue-body an arrangement of the cell- 
walls wLich will be intelligible from Fig. 296. 

A certain similarity of the cell-network with 
that of a slender growing-point with an apical 
cell impelled the earlier observers to assume 
in such cases a special type. They regarded 
cells lying beside one another at the margin fig. 296 . 

as a series of neighbouring apical cells : this, 

from a purely formal point of view, is of course possible, but it contributes nothing 
further to the explanation of the processes of growth. 

It must now suffice to have brought forward the few cases adduced from the 
copious material obtained by observation : a further extension of these considerations 
would without doubt presuppose more patience than may be expected from readers 
who are not Botanists. 
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FORMATION OF ORGANS AT THE GROWING-POINT; 

BRANCHING. 

The growing-points already considered to such an extent in the two preceding 
lectures, scarcely ever come under the notice of those not trained in botanical science, 
or at any rate they are passed over, not only on account of their minuteness, 
but also because, as a rule, they are hidden from view ; those of most roots because 
they are in the earth or other substratum, those of leaf-forming shoots because they 
are completely enveloped by the young leaves. Nevertheless, it will already be clear to 
the reader (aud it is one of the most important facts of the whole of the physiology 
of plants) that all formative processes are initiated at the growing-points— that all the 
organs of a plant arise from these tiny masses of embryonic tissue which we have to 
seek in the form of growing-points at the apices of the roots, or at the ends of shoots 
inside the buds. 

Here again, also, the profound diiference between root and shoot comes out 
sharply. Roots produce only organs of like kind, namely, new roots, by means of 
which the branching of the root-system is brought about; whereas the activity of the 
growing-points of shoots is entirely different and much more various : they produce 
* not only growing-points of new shoots, and thus of course subserve branching, but 
from them alone also all leaves arise, and together with or on these the true 
reproductive organs — sporangia, oogonia, and antheridia, since all reproductive organs 
may be, referred to these three forms. Thus, when in botanical investigations it is 
important to examine organs of any kind whatever in their first stages of develop- 
ment — ^in their primitive mutual relations— it is always the first object of the observer 
to investigate the growing-points, and the formation of organs taking place on them. 
Owing to the extreme minuteness of these objects, this has always to be done with 
the aid of the microscope. 

Here again we shall only concern ourselves with the commonest phenomena, or 
those which offer features of special interest, and according to the plan of exposition 
which I have adhered to so far, I again confine myself in the first place to the 
typical and complete forms. We may first regard the growing-points of leaf-forming 
shoots as found in all Vascular plants, most Muscinese, and even in many Algae : 
the abnormal- forms then present no further difficulties. Before entering more closely 
upon our proper theme, however, it may be advantageous to make a few^ preliminary 
remarks as to the form of the growing-point, and its position on the shoot. 

In leaf-shoots which are growing vigorously in length, the growing-point has 
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usually the, form of a , cone arched outwards like a paraboloid, and which appears 
: simply, as ' the .end of the shoot-axis; in rarer cases, as for example in the ■ water- 
plants and Azolla, which are so remarkable also in other respects, 

this cone is considerably elongated and rolled inwards spirally at its anterior end. 
When the shoot-axis elongates more slowly, on -the contrary, and especially when 
a flow^er or an infloresence is to arise at the apex of the shoot concerned, the 
growing-point generally assumes the form of a flat and broad elevation, w^hich 
very often becomes eventually extended horizontally, and forms a disc several milli- 
metres in diameter. This is well seen at the apex of those leaf-shoots of the 
Compositse (e.g. of the Dahlia and the Sunflower) which are preparing for the 
formation of flowering capitula : the growing-point, previously conical, is flattened to 
an almost level disc, on which the embryonic rudiments of young flowers bud 
forth on all sides from the circumference towards the centre — i. e. the apex of the 
growing-point. If, on the other hand, 
a long flowering axis is to be produced, 
to be covered later with numerous small 
flowers, as in the Palms, Aroids, and 
Grasses, the growing-point becomes 
elongated into cylinder, often several 
millimetres^ long, oiv which the lateral 
shoots of the future panicle, or even 
the flowers themselves, then arise pro- 
gressively from below upwards. The 
subsequent form of the whole inflores- 
ence is thus already marked out in the 
form of the growing-point ; of course 
the formative processes connected with 
the elongation also co-operate later to 
an important extent, in the completion 

nf frvrm 297.— Longitudinal section of the apex of the primary stem 

UlC lUllil. of immediately preceding the development of 

Even where individual flowers are 
to be developed, either as lateral out- 
growths from a growing-point or at the end of leaf-shoots, the flower assumes in its 
embryonic condition, long before the organs of the flower themselves bud forth, the 
form of a hemi-spherical dome or flat disc, or very- frequently even that of a hollow 
cup, whereby the foundation for the subsequent form of the flower is laid : this 
may then of course again undergo the most various transformations by means of 
the changes of form connected with elongation. 

The category of these modifications and departures from the ordinary type also 
includes the far more striking cases of depressed growing-points. A very simple 
example is afforded by the broad flat shoots of many Liverworts {Mefzgeria, Mar- 
chaniiecB) and particularly clearly by the prothallus of Ferns. As soon as these 
fiat leafless shoots attain a certain breadth, the elongating tissue last produced 
by the growing-point becomes arched forwards right and left in the form of 
two lobes, between which a deep depression marks the place where the embryonic 
tissue of the growing-point lies. Fig. ,2 98 v. In this behaviour of leafless shoots. 
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where of course the formation of buds does not occur, we may probably recognise 
chiefly a provision for protecting the substance of the growing-point, which is as 
delicate as it is important. The same explanation applies to the similar depression 
of the growing-point in the neighbouring tissue (in this case surrounding it on all 
sides) on the likewise leafless shoots of species of Fucus, where a narrow long slit at 
the end of each shoot opens into a narrow cavity, the base of which is occupied by 
the growing-point, which here, as Rostafinski has shown, exhibits a series of curious 
apical cells. A very similar arrangement also protects the growing-point of the .sub- 
terranean creeping shoot-axis of the Bracken fern {Pteris aquilma), because here, in 

consequence of the extremely sparse pro- 
duction of leaves, together with other 
circumstances, no leaf-bud exists to enve- 
lope the growing-point, and therefore the 
leaves cannot protect the growing-point in 
the soil. 

In Phanerogams which persist by 
means of subterranean tubers or bulbs, it 
not rarely happens that at the end of a 
short (or occasionally long) subterranean 
lateral shoot, a body filled with reserve- 
materials is formed ; and this contains the 
bud with the growing-point at the bottom 
of a central cavity. In these cases, how- 
ever, peculiar displacements of the leaves 
and of the parts of the axis which support 
the growing-point usually -take place at 
the same time. The elucidation of these 
processes, however, would carry us much 
too far; the chief points will be clear from 
the consideration of Fig. 299. 

In the researches, as numerous as they 
are brilliant, of Thilo Irmisch, who 
has done so much. good service for our 
knowledge of the subterranean organs of 
plants, is to be found abundant material 
derived from the observation of cases be- 
longing to this category^ Here, again, it is evidently a matter of obtaining the 


^ It is the phenomena of growth here treated of which especially comprehend the subject 
of the very copious morphological literature, A more detailed consideration of the phenomena 
belonging here would lead to a morphological review of the natural system ; from the general 
point of view which I have attempted to establish in the preceding lecture, however, these 
phenomena belong also to physiology; in fact, they form in a certain sense one of the foundations 
of the physiology of growth. 

This being the case, it would scarcely be to the purpose to quote this or that treatise for proof; 
however, it may be welcome to those readers who are unacquainted with botanical literature 
and seek further instruction, to find quoted here a series of the most important works affecting this 



Fig. 298.— Prothallium of a Fern seen from below, v growing- 
point ; a antheridia ; tv roots (slightly magnified). 
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necessary protect! on .by. the depression of a growing-point in a mass of resistent tissue, 
which at the same time abounds in nutritive snbsta.nces ; since such arrangeiiients as 
that in the..%ure occur chiefly in tuberous and bulbous plants, the entire vegetative body 
..of which perishes annually, leaving behind in the soil only these organs fro.m which., 
new individuals subsequently arise. 

Depressed growing-points are everywhere common in the development of young 
flowers, or even young inflorescences, where 
it is also usually important that a protective 
hollow structure should be formed, in which 
the very tender young parts of the flower, 
and especially the ovules with their con- 
tained embryos, are then to be produced. 

A somewhat more complicated case of this 
kind is presented in Fig. 300, which repre- 
sents the longitudinal section of a young 
flower bud of Gezm rivale, a plant belong- 
ing to the Rosacea. The growdng-point, 
aq here projects in the form of a cone from 
the bottom of a cup-like hollow structure FrG.299.--DevciopiTient of tubers of 

, . r T • 1 j Irmisch). shoot-axis ; leaf-sheath, in the axil of which the 

yy, the inner side 01 which, 'at least at the bud /& with the tuber if has been produced, 
basal portions, likewise consists of embry- 
onic tissue,* from which the young stamens a are arising. The elongation which 
subsequently sets in, in this case results 'in that the wall yy of the hollow structure 
becomes extended like a flat plate ; in the Rose, however, and in many other cases, 
the part yy also subsequently forms a hollow cavity, open above by means of a 
narrow mouth only. The depressed growing-point, .r, of the flower, produces at its 
outer margin numerous small leaves, which subsequently grow together at their edges 
and constitute the so-called ovaries, in each of which an ovule arises. 



subject. For this purpose I may mention those from which I have myself derived the best instruc- 
tion in years gone by — above all the fundamental works of Naegeli, as follows 

^ Zeitschrift fiir wiss. Bot.,’ Schleiden und Naegeli (Zurich, 1844-46), the memoirs on Cauhrpa^ 
Delesseria^ laws of growth of Mosses and Liverworts, Folysipkonia, and several other treatises. 

* PJianzenphysiol. Unterstichungenp Naegeli und Cramer, Heft I, 1855, growth ai Pterotham- 
nizim, Hypogiossum, the leaf of Sphagnum, leaf of Araiia ; also Heft III, on Zycopodmm and 
E^mse^um (by Cramer). 

Further, ^ Beitrdge zur wiss. Bot.,^ Naegeli, Heft I (Leipzig, 1858), ^ Ober das Wachsthum 
des Staff imes und der Wurzeln Don Gefdsspflanzen,^ and H, 4, ‘ Enstehtmg tmd Wachsthum der 
Wurzeln^ by Naegeli and Leitgeb (Mlinchen, 1867). roots also, ‘ Pecker dies sur V accroisscment 
terminal des racines^ by E. de Janczewski, in Anij. des sc. nat., Ser. 5 (Paris, 1874). 

Also ‘ liber den Vegetationspunkt der Angiospermenwurzeln,' H. G. Holle, Bot. Zeit., 1S76, 
No. 16. 

^ Zur Entwickhingsgeschichfe des Blattes! Dissertation by A. W. Eichler (Marburg, 1861). 

^ Die Scheitelzellgruppe im Vegetationspunkt der Phanerogamen,^ J. Hanstein, in Festschrift der 
niederrhein. Ges. fiir Natur^ und Heilkunde, 

‘ Traite dl organoginie comparie de la Jletir^ by J. B. Payer (Paris, 1857). 

* Rechcrches sur la ramification des Phanirogames^ by M. Eug. Warming (Copenhagen, 1872). 

Die Coniferen und die Gnetaceen^ Strashnrger (Jena, 1872). 

That many other treatises may be named in addition to these comprehensive works has already 
been stated. 




Fig. 300. —Longitudinal vsection of a young flower 
of Geum rivale (sightly magnified). 
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Similar depressions are occasionally met with in leaf-shoots also: this is par- 
ticularly clear, for example, in the winter buds of the common Pine, as shown in 
Fig. 301. At the end of the shoot of the previous year is situated the still quite 

embryonic rudiment z of the next year's 
shoot, with the growing-point v. This 
embryonic shoot, however, is protected by 
means of an annular wall for the purpose 
of passing the winter. This wall arises 
from the tissue of the shoot of the previous 
year, and produces numerous bud-scales, 
which completely envelope the embry- 
onic shoot of the next year. These bud- 
scales, moreover, as Goebel has shown, 
are simply abortive foliage-leaves, which 
may be transformed by means of vigorous 
nutrition into the ordinary green acieular 
foliage- leaves of the Pine. 

I may, in conclusion, refer briefly to the 
formation of the Fig, as a particularly 
remarkable case of the depression of a 
growing-point, and of a further departure 
from the typical state of aifairs dependent thereupon. The Fig, which in popular 
language passes for the fruit of the Fig-tree,* is as a matter of fact a structure of quite 
a different nature from the ordinary fruits of Angiosperms. It is a so-called pseudo- 
fruit. The Fig is a hollow structure pro- 
vided with fleshy walls, which abound with 
sugar. These walls are constituted by a 
hollo wed-out shoot-axis, on the inside of 
w^hich hundreds of small dowsers (subse- 
quently fruits) are situated : these latter 
constitute the hard granules found in the 
pulpy mass of a ripe Fig, Fig. 302, which 
represents the development of a Fig (/- 
III), shows that it is originally an ordi- 
nary shoot, the growing-point of which, 
however, after giving rise to several leaves 
la, assumes the form of a flat disc. In 
the centre of this disc is situated the proper 
apex of the shoot, which takes no part in 
further growth however: on the contrary, 
it is the margin of the disc which retains 
the embryonic character, and therefore 
constitutes an annular growing-point. By means of the tissue formed by this 
there now arises a hollow cylinder, /// ^, at the upper margin of which the leaves 
previously developed are situated, while further below arise new ones in addition, 
closing the opening of the cavity of the Fig above. 
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The , cases of depression of the growing-pointdiere mentioned cons.titiite a few 
examples only, which might easily be increased by himdreds of others. 

We may now return once more to the normal forms of the growiiig-point, and 
to the theme which we are immediately concerned with, the formation of organs upon 
it. Two extreme cases occur at the outset. The one consists in that the entire 
growing-point, including its apex, is transformed into an organ— "into a mass of 
permanent tissue — where of course the growing-point as such completely gives 
up its existence, and at the same time growth in length ceases as soon as the 
elongation of the younger portions is concluded : such a shoot is said to have a limited 
(definite) growth in length, in contrast to the other extreme case, where the growing- 
point of a shoot remains persistently capable of living, and the tissue proceeding from 
it continues to produce ne\v axial portions and lateral organs by elongation. This may 
be distinguished as unlimited (indefinite) 
growth in length. As a few striking ex- 
amples of this case the growth of the main 
stem of Tree-ferns, Palms, Cycads, and 
species of A dm and Pimts may be ad- 
duced; the growing-point of these plants 
after tens or even hundreds of years is 
still the direct prolongation of the grow- 
ing-point of the embryo in the seed. 

We meet with proved cases of a trans- 
formation of the entire growing-point, 
including its apex, into an organ of de- 
finite physiological function, and consisting 
of permanent tissue, chiefiy in the forma- 
tion of reproductive organs at the end 
of the shoot. Although, strictly speaking, 
not all the foliage-shoots of Phanerogams 
provided with so-called apical flowers be- 
long here, there are nevertheless numerous 

cases which ai e cei tainly to be so con- 30z.~Development of the Fig (Ficks Canca), 

sidered; namely, all flowers with central auer payer, 

ovaries in which is developed a single central ovule, as in the Polygoneae, Juglandea?, 
Chenopodiaceae, Piperacese, and other families. In Fig. 303 the portion of the young 
Rhubarb flower marked k is the nuceljus of the ovule, in which arises the 
embryo-sac with the oosphere. This portion together with the two envelopes 
surrounding it constitute the future seed, and from microscopic investigation there 
is no doubt that in this and similar cases the nucellus of the ovule has proceeded 
directly from the growing-point, which had previously given rise to the carpels/", the 
stamens <7, and the floral envelopes sp. Equally without doubt is the fact in 
question in the formation of the sexual organs of many true Mosses. Leitgeb 
showed long ago that in the Bog-mosses {Sphagnim) at least the first female organ 
(arehegonium) of the ' flower ’ arises directly from the apical cell of the fertile shoot. 
Kuhn observed later that in the case of another Moss (Andremd) the first arche- 
gonium arises similarly from the apical cell, and the following archegonia of the same 

[ 3 ] s h . 
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‘ flower ’ from its last segments : I have myself confirmed this in various other 
Mosses. According to Kflhn and Leitgeb, moreover, the male organs or antheridia 
of Afidrema and of the aquatic Moss Fontinalh arise in the same way as the 
archegonia, so that the apex of the growing-point of the Moss may be transformed 
into a female or into a male reproductive organ. We may, in addition, also regard 
the formation of the sporangium of Mticor at the end of the simple utricular branch 
as a case of the formation of an organ directly from the apex of the growing-point ; 
the end of the hypha, which functions as a growing-point, dilates into a sphere 
and produces the spores in its interior. 

Wflen in these and other cases the growing-point of a shoot is directly 
transformed into a special organ, its previous growth in length is, as already 

mentioned, brought to an end. A limi*- 
tation of the latter may also take place, 
however, simply by the embryonic tissue 
becoming entirely transformed into per- 
manent tissue, as in the case of ill- 
nourished Fern prothallia, which then 
dispense with thpir growing-point : with 
a proper supply of food-materials, how- 
ever, a new growing-point may arise. 
The formation of thorns affords an 
entirely different example of this class. 
The hard point at the end of the small- 
leafed shoot of GUditscMa^ 2C^i^ ixi simi- 
lar cases, is evidently the growdng-point 
transformed into lignified permanent 
tissue. In other cases, again, the ac- 
tivity of the growdng-point simply comes 
to an end; it disappears, so to speak, 
its tissue becoming merged into neigh- 
bouring permanent tissue. This is the 
case, for example, in many flowers with 
a central ovary but without a central 
ovule. Finally, the terminal bud of a 
foliage-shoot, together with its growing-point, may periodically die off, the next 
lateral bud continuing the growth of the previous axis : in this way are formed 
sympodia, the stem of the Lime being an example. 

The peculiar characteristic of the growing-point becomes clear, however, in the 
cases of so-called indefinite growth. Here the apex continues to grow undisturbed, 
while underneath it (or, when the growing-point is flat, in circles around the central 
apex) organs of like kind are produced in continuous succession ' these appear at 
first as mere protuberances of the embryonic tissue, but become transformed later 
wholly into permanent tissue. In this continuous repetition of products of like kind 
from the circumference of the growing-point, we have one of the most universal laws 
of growth of the whole vegetable kingdom; organs of the most various kind- — roots, 
lateral shoots, sporangia, and sexual organs, may spring in this way in continual 



Fig, Longfitudinal section 

of the flower bud : s floral envelopes ; a a; anthers ; d r 
glands at base of stamens; f ovary; u stigma; /i ^ 
nucellus of the ovule (slightly magnified). 
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repetition, from, one and the same growing-point This is most distinctly seen, 
however, in the formation of leaves. 

When organs of like kind arise from a growing-point in continual repetition, 
this occurs generally, though not without exception, in such a wa}- that the youngest 
organ always stands nearer to the apex of the growing-point than any older organ of 
the same kind. It follo\vs from this that w'hen w'e proceed from the base of a shoot 
and follow organs of like kind — leaves for example— ascending in series on the 
shoot-axis, and necessarily running spirally around the latter, or ascending it in a 
zigzag manner, this sequence in space also represents the sequence in time or age in 
the production of the organs concerned. Such a sequence in the production’ of 
organs of like kind is usually termed acropetal. This is to be observed particularly 
clearly in the case of ordinary foliage-shoots, \vhere the leaves arise without exception 
acropetally, as may be demonstrated especially in the case of a young, elongating 
shoot, even without microscopic investigation. The numerous lateral roots arising 
from a root, again, usually arise in acropetal order, and the same is the case when 
numerous roots are produced 
close beneath the growing- 
point of a shoot, as is the case, 
for example, in many Ferns, 

The importance of the 
growing-point lies, as has al- 
ready been mentioned, in that 
it consists of embryonic tissue 
and gives rise to new organs, 

Confining ourselves to this es- 
sential character, the growing- 
point need not always be situ- 
ated at the end of a root or of 
a shoot, but, on the contrary, 

a TDOrtion of embryonic tissue FicJ. 3Q4-— Median longitudinal section through a young inflorescence of the Sun- 

* ■' flower the growing point of which had been injured. 

may be intercalated between 

masses of permanent tissue. One of these rarer cases has already been 
noticed on p. 70, Fig. 66; and another above in the formation of a Fig, where 
the true growdng-point at the base of the hollow structure loses its function as 
such, the further growth of the receptacle and the production of leaves and fiowers 
in its interior taking place by means of an annular zone of embryonic tissue. 
Even in such cases the organs further distant from the zone of embryonic tissue 
are older than those next it — in fact, a similar relation exists to that found in 
ordinary terminal growing-points. This similarity, however, cannot well be expressed 
by the phrase acropetal succession, and Goebel has therefore, in order to bring out the 
general fact in the various cases, proposed the term progressive series or sequence. 
Complicated cases of the progressive formation of organs at growing-points which are 
not terminal are frequent enough, especially in the development of flowers. For the 
elucidation of this matter, however, I will employ a monstrosity which I discovered 
accidentally, and where the fact in question comes out particularly clearly. The 
accompanying figure (Fig. 304) represents the vertical longitudinal section through 
* n\i 2 
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a young flower head of the Sunflower {Heliantkus anmms). Its true growing-point 
was situated in the middle of the disc nn, but the central apex of this growing-point had 
been damaged by some means: the young tissue in its immediate neighbourhood 
had lost the nature of a growing-point, but had become elevated in the form of 
a protuberance as a, while at the base of the latter 0 a zone of embryonic tissue had 
been formed. The rudiments of new flowers and the bracts belonging to them only 
arise now on this zone. So long as the central apex of the flowering head was yet 
living, the flowers and bracts were produced on the. disc in acropetal succession n n, 
or, as we may say in this case, in centripetal- order : the flowers next the circum- 
ference are the oldest, those nearest the centre the youngest. After the destruction - 
of the central apex, as the protuberance a s a was elevated from the zone 0 0, 
however, the previous centre or apex behaved exactly as if it were the oldest part of 
the protuberance: the production of flowers proceeded from the point i- of the protu- 
berance successively towards the zone 00, and we perceive that at the circumference of 


D A 



Fig, 305.— Diagram to illustrate the mode in which leaves are developed from the growing-point of a Phanerogam, 

this zone the youngest normally formed flower-rudiments are situated, as w^ell as the 
youngest abnormally formed ones. The arrangement in both cases is still' more 
clearly m'anifested by the relative position of the bracts and the flowers which 
belong to them : it is noticed that on the normal portion of the inflorescence each bract 
is situated on the outer side of the flower which belongs to it ; on the abnormal portion 
a s a, on the contrary, the bracts are situated nearer to the former apex than the 
flowers which belong to them. To come back now to the starting-point of our 
consideration, we may thus say that the formation of organs before and after the 
destruction of the central apex has occurred in progressive order ; that is, progressive 
towards the true apex before the injury, and progressive towards the embryonal 
zone z z after the injury : and it is clear that it would not be quite to the point to 
designate the sequence of the formation of organs on the protuberance a s a as 
acropetal. 

The acropetal or progressive order of development is strictly maintained by the 
leaves on ordinary vegetative shoots ; at least no exception in this connection is as 
yet known. In the region where flowers are formed, on the contrary, cases occur as a 
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matter of fact where organs of leaf-like 'nature are interpolated between organs already 
existing/ so that the youngest are no longer next the apex.. ' Payer has detected 
such cases, in a large number of flowers where two or more circles of stamens (that 
is, metamorphosed leaves) are present, as, for example, in Didawnus and Gcranumi. 
He shows that the second circle of stamens arises on the receptacle outside the first, 
and therefore further from the apex or centre of the flower. Of course in these and 
similar cases the question might be raised whether the true embryonic formative 
tissue is not always perhaps to be sought only at the place where the youngest 
organs arise — a place which indeed need not always be ' situated at the apex. 
However, further pursuit of this question would involve us in difficulties with which 
I need not trouble the reader of this book. 

The leaves arise at the growing-point of the shoot without exception as super- 
ficial outgrowths. This does not mean that only the outermost layer of tissue of the 



Fig. 306.— Apical region of two main shoots of Zea Mais. 
s growing-point consisting of very small cells, from which the 
leaves proceed as multicellular protuberances which 

soon embrace the stem and envelope it and the young leaves 
like a hollow cone. In the axil of the third-youngest leaf ¥ 
tlie youngest branch-rudiment is seen as a rounded protu- 
berance. 


FiG- 307.— Growing-point at the end of the 
leaf-shoot of Hippuris (magnified). 


growing-point is employed for the formation of the leaf; but the expression signifies 
that this layer always takes part in the origin and growth of the young leaf. As 
a rule, however, layers of tissue situated deeper also co-operate in the formation 
of the leaf. It may thus be stated as the characteristic point that, in the origin of 
a leaf, complete continuity of the homonymous layers of tissue of the leaf and of the 
shoot-axis exists from the first, as is clear at once from the diagram Fig. 305, where 
A is the' apex of the growing*-point, which, like all growing-points which produce 
leaves, possesses the confocal structure described in the preceding lecture. 
and mark various stages in the origin of a new leaf, and the ceils and periclinal 
walls denoted by Roman and Arabic numerals show how the individual 'cell-layers 
of the growing-point take part in the origin of a new leaf. The letters a, h, <r, 
andj^, in the figure, show how the existing anticlines and periclines are displaced 
in these processes of growth. Onl)^ when the leaf-rudiment has attained a' certain 
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size does the differentiation of the vascular bundles take place, in the embryonic 
tissue of the shoot-axis as well as the young leaf, as mentioned previously, so that the 
vascular bundle curving out into the leaf represents the upper end of that which 
descends in the shoot-axis. The differentiations of tissue are similar when a normal 
growing-point of a shoot arises from a growing-point already existing; that is, in the 
branching of the shoot. The case is ’quite otherwise in the origin of new roots, 
however, as already pointed out in the lectures on Organography. Whether the 
roots arise from a mother-root or from a shoot they are always produced in the 
interior of the tissue, so that the young root, when elongation begins at the base of 
its growing-point, has to break through the external layers of tissue (cortex and 
epidermis) of the mother-organ. Of course in this case also a complete continuity of 
the homonymous layers of tissue comes to exist subsequently, but only subsequently, 



Fig. 2oS.-^Caulet"pa crassi/blia. j the shoot-axis; 'v its growing-point ; b leaves ; w roots. 


and the microscopic structure gives the' impression that it is here so to speak a matter 
of patchwork. 

For the subsequent form of the entire shoot it is important what portion of the 
circumference the young ieaf-rudiment occupies on the growing-point. In most 
cases it is only a small part of the circumference, and obviously this is always the 
case when two, three, or more leaves are put forth at one and the same transverse 
zone, that is, when a whorl of leaves springs from the growing-point. In many 
Monocotyledons (Grasses, Sedges, Aroids, Palms, &c.) and even in some families of 
Dicotyledons, such as the Umbelliferas and Polygonaceae, however, the whole circum- 
ference of a transverse zone of the growing-point is occupied by the rudiment of 
a leaf. In such cases the base of the leaf appears on further development as a 
sheath surrounding the shoot-axis, at the upper edge of which the true leaf, the 
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so-called .upper .leaf, buds forth only on one side." If the leaf is, subsequently seg- 
mented into petiole and lamina, which of course does not alwajs^ happen, the petiole 
is to be regarded as a structure subsequently interposed between the leai-base and the 
lamina, a subject to which we shall return in the next lecture. 

In the Mosses and Vascular plants the leaf- rudiments generally arise so,^ closely 
above and by the side of one another, that none of the free surface of the growing- 
point at all is exposed beneath the youngest leaf. Only through the further course 
of development in the second period of growth is it then decided whether the leaves 
which arise closely one over the other are separated from one another by the 
secondary intercalation of interfoliar parts on an elongating shoot-axis, or whether 
this does not occur • in the latter case none of the free surface of the shoot-axis at all 
appears, even in the fully grown condition, because the 
leaves, situated close above and below one another, 
occupy the entire surface of the shoot-axis, as for 
example in the common Fern Aspidium and in the 
short twigs of many trees, and the so-called radical 
rosettes of many biennial Dicotyledons. Cases where 
the leaves at the growing-point are from the first 
so far distant from one another that nalced inter- 
foliar parts of the shoot-axis exist between them, are 
probably extremely rare; as an example may be 
mentioned the Bracken Fern (Pteris Aquilino), where 
the growing-point of the horizontal stem annually pro- 
duces only one leaf, which requires two years more 
for its completion. In the leaf-forming Algae also the 
leaves usually arise quite close above and by the side 
of one another on the shoot-axis, even though very long 
interfoliar parts separate them subsequently, as is very 
clearly the case in the Characeae (cf. Fig. 95, p. 96). 

The genus Caulerpa^ on the other hand, presents a 
good example of the other case (Fig. 308), where the 
growing-point v of the shoot-axis always first elon- 
gates to a- considerable extent before a new leaf ^ 

buds forth from it again. We meet with similar leafless shoot oOhe Aigacy/- 
conditions of afiairs in those Algae also wdiere the 

lateral outgrowths of the growing-point of a shoot do not develope into flat leaves 
in the ordinary sense, and where therefore the shoot constitutes a mere branch 
system, as in Fig. 309, where it may be noticed that the youngest branches appear at 
some distance apart from the very first. 

Shoots, however, produce not only leaves and other organs, but new growing- 
points of shoots generally arise again from their growing-points ; that is, they 
branch. 

Only in very few plants does no branching take place — ^that is, no formation of 
growing-points of secondary shoots. The best known examples of these are found 
in some small acrocarpous Mosses, and above all in a few Vascular Cryptogams, 
The longest known instance of this is the genus Isoefes, the stem of which grow’s 




LECTURE XXVIII. 

for years, and nevertheless always remains short, and only produces leaves and 
roots, but no shoot-buds. The Ophioglossace^ and Marattiacese also behave in 
exactly the same way, as well as the tall Tree-ferns. In all these cases the single 
existing growing-point of the shoot of the unbranched plant, even in advanced age, 
is the very same Avhich was developed directly from the fertilised oosphere. Even 
the Cycadeae, so similar to the Ferns, do not as a rule become branched from the 
growing-point, though this may occur in advanced age after the formation of 
floAvers. It occurs also occasionally as an abnormality in the otherwise so copiously 
branched Pines that no secondary growing-points are produced from the original 
one of the seedling, and the tree remains for many years without branching. As an 
approximation to this, however, we may perhaps consider the case when the primary 
shoot developed directly from the embryo grows out into a dominant main stem, the 
lateral branches of which always grow- considerably less vigorously than the stem itself, 



Fig. 310, —Apical region .of a primary 
shoot of Dictamntis Fraxittella seen from 
above, s apex of the primary shoot ; dbbthe 
young leaves ; kk their axillary buds. The 
two youngest leaves have as yet no a.xillary 
buds. 



t'lG. 311. — Bulb of Muscari botry- 
aides. One of the lower bulb-scales 
(leaf) is turned back in order to show 
the numerous buds situated one be- 
side the other in its a.xil. 


as is the case in the Conifers and some other trees. In many species of Cactus a 
similar condition of affairs is found in that the shoot-buds, elsewhere developed so 
universally in the axils of the leaves of dicotyledonous plants, only rarely attain to 
further development : v here, also, the growung-point of a shoot which has once 
attained the necessary vigour dominates the entire growth, and a lateral shoot is 
not easily permitted to make its appearance {Cereus, Echmocacius, Mamillaria). 

In contrast to these rarer cases of the absence, or paucity of branching, however, 
the tendency prevails in the great majority of plants to produce new growing-points 
of shoots from the primary ones, and tertiary ones from the secondary ones; that 
is to develope branch-systems. In Monocotyledons and Dicotyledons it is an almost 
universal rule within the vegetative region (that is so long as flowers are not being 
formed) that a new growing-point of a shoot is formed in the axil of every leaf, and 
in fact very soon after the origin of the leaf itself; this makes its appearance either 
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exactly in. the angle between the leaf-base . and the axis,, or more .on the leaf-base 
itself, or even , on the shoot-axis above it. Not rarely indeed several growing-points 
of shoots arise in the axil of the leaf, and if the base of the leaf is very broad, as 
in the Monocotyledons, niimerous shoot-buds may arise close to one another, as 
for example in the case of many bulbs, and the flowers in the broad bracts of species 
ol Musa. In Dicotyledons with a narrow leaf-insertion, moreover, two, three, four 
or more growing-points of shoots are often produced one above the other from the 
interfoliar part w’hich is in process of elongation, as for example in Gkdiisckm^ 
Aruiolochia, and some other %voody plants. This regular production of new growing- 
points of shoots in the axils of the leaves obtains however, even in the Monocoty- 
ledons and Dicotyledons, only within the vegetative region : in the inflorescences it 
is a frequent phenomenon that flowering shoots arise without the previous formation 
of bracts {Aroidece, Crucifer cd). Conversely, however, no growing-points of shoots 
make their appearance in the axils of the foliar structures of the flower itself. The 
theory of the older morphology which culminated in the establishment of a so-called 
principle of axillary branching, therefore, does not generally obtain even in the 
Phanerogams with which that morphology was almost exclusively concerned, and 
this is still less the case with the other classes of plants. If we- confine ourselves 
in the first place to the Coniferse, the nearest related to the Phanerogams, the rule 
certainly obtains here also that within the vegetative region shoot-buds are produced 
only in the axils of the leaves, but with the difference that although the leaves are 
exceedingly numerous, but few of them produce growing-points in their axils: in 
spite of the copious and magnificent branching of the Coniferae, it is, from the point 
of view of its development, only sparse in comparison with that of the Monocotyledons 
and Dicotyledons. In the Vascular Cryptogams, however, and so far as is known in the 
Muscineae and Algae, the formation of secondary growing-points, or the branching 
of the vegetative shoot, is entirely unconnected with the axils of the leaves, although 
the tendency always exists for lateral shoots to make their appearance by the' side 
of or under the insertion of individual leaves. However it would be superfluous 
for our purpose to treat in greater detail here of the individual cases which have 
been more exactly investigated. 

We have hitherto confined our attention, wdth respect to branching, to the ordinary 
case, where new growing-points of shoots spring laterally from a growing-point, or 
from a shoot-axis, or from a leaf-base, the parent growing-point itself continuing 
to grow undisturbed. Much rarer, and confined to a few small subdivisions of the 
vegetable kingdom only, is the so-called Dichotomy of the growing-point. We 
may take as the characteristic distinction of this that the embryonic tissue of a given 
growing-point obtains two apical points, each of which now" constitutes the apex 
of a new growing-point, and thus the embryonic substance of a growing-point 
becomes, so to speak, split into two growing-points, situated close beside one 
another and equal in value. This case is particularly clear where an apical cell 
exists from which two new apical cells arise, each of which then forms its segments 
as I have already explained in the previous lecture (cf. Fig. 291). The accompany- 
ing figure (Fig. 312) may serve to illustrate the branch-system of the same plant, 
proceeding from the dichotomy. It will be observed that a depression -occurs at the 
apex of the shoot, and that the prominences which lie right and left of it grow- further 
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and constitute branches of the shoot. The behaviour of a dichotomy of course 
becomes more complicated when leaf-forming shoots are concerned, as in the 
Ljcopodiacem, where in all the genera and species not only the shoots but also 

the roots branch in a dichotomous manner. 
In contrast to the ordinary lateral, or as 
it is also termed monopodial branching, 
there is this characteristic feature, that the 
formation of the two new growing-points 
from the older one takes place not only 
above the youngest leaf (simply because 
it takes place in the apex itself) but it also 
stands in no relation whatever to the pre- 
ceding leaves. 

A long misunderstood but nevertheless 
very simple case of dichotomy, and one 
which is not essentially different from 
those hitherto mentioned, is found in those 
Liverworts which possess broad band-like 
creeping shoots, especially the Marchantiese 
and leafless Jungermanniese. If we put 
aside the sequence of cell-divisions, which 
have been studied in every detail, as well as the presence or absence of an apical 
cell, here also the dichotomy consists in that the group of embryonic tissue at the 
base of the deep depression previously described becomes slightly extended in 
breadth, as shown in Fig, 313; the middle portion of this embryonic tissue then 



Fig. 313. — Flat dichotoiiiously branched shoot oiMetzgerm furcata 
{ X about IS ) ; m m mid -rib of several layers, dichotomising at^^ ; s s grow- 
ing-points, with projecting wing-like outgrowths//' 


grows vigorously, .and becomes transformed into permanent tissue, which now 
projects in the form of a wedge arched in front, while right and left of it the 
rest of the embryonic tissue remains as such and now constitutes two growing-points 
developed from one, 



FIG. 312.— Dichotomously branched shoot of 
diciiotoma^ a marine Alga. 
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. : The formation of new. growing-points of shoots iii any of the above-iiientionecl 
ways .constitutes, however, merely the ground-plan of the bran ch-sy stem which will 
be . ultimately developed, for it is only in rare cases that all the g,.rowiiig-poiiils 
of shoots Avhich have gradually arisen from one another, and ultimately form, 
the primary shoot of the seedling, come to complete development. Yery frequently 
this happens only in the case of a few, while the others pass over into a dormant 
condition,, either to attain complete development in the next period of vegetation, or 
to remain unchanged for an indefinite time as the so-called dormant eyes of many 
forest trees, until by the removal of vigorous shoots opportunity is afforded to 
them for further development. The sprouting of numerous twigs from the older 
branches and stems of forest trees when the apical parts have been removed 
consists in the sudden invigoration of these dormant buds, which have often been 
developed many years previously when the corresponding part of the stem itself Was 
yet in the condition of a bud. Such dormant eyes must not be confounded with 
the adventitious shoots to be described subsequently. 

Like the leaves, the new lateral shoots usually arise exogenously, or superficially, 
so that not only the internal but also the outermost layers of tissue of the growing- 
point take part in their production, and thus a complete continuity of the systems 
of tissue is brought about, exactly as in the case of leaves. It was for a long 
time supposed that the Equisetums formed a peculiar exception to this very general 
rule. As a matter of fact we find, on cutting longitudinal sections through the 
buds of the haulms of these plants, the lateral, buds situated in the axils of the leaf- 
sheaths, and completely enveloped by the tissue of the main shoot, much as in the 
case of roots ; but more exact investigations have shown that this is only due to sub- 
sequent change, and that, even in the Equisetacese, the very youngest bud-rudiments, or 
lateral growing-points, proceed from superficial layers of tissue of the growing-point 
which gives rise to them. The .matter is very similar, though more complicated, in 
the case of the two trees Symphoricarpus and Glediischia^ much cultivated in our 
gardens. We may say a few words with respect to Gkditschia : the thorns on the 
leaf-shoots are the original axillary shoots of the leaves, but by the growth of the 
mother-axis they become pushed some distance -upwards from the axil of the leaf. 
A series of further buds then arise progressively towards the axil of the leaf, the 
embryonic tissue at the axil evidently persisting as such for a long time. These 
later buds remain very small at first, and, as Hansen established, become so 
enveloped and overgrown by the cortex of the mother-shoot during the current period 
of vegetation, that when they begin to sprout in the following spring it looks as if they 
had been produced in the interior of the cortex which they then break through. 
As the biology of plants everywhere affords thousands of examples of the fact that 
young buds are preserved for future periods of vegetation, and protected and 
enveloped in the most various ways, so we find even in some woody plants (e. g. 
Virgilia luted) that the broad base of the leaf encircles its axillary bud so completely 
that nothing at all is to be seen of it from without, and it only comes into view after 
the removal of the leaf-stalk. 

In contrast to all these various cases of an only apparently endogenous origin 
of shoot-buds, it appears however that flowers and inflorescences may arise in the 
interior of previously more or less amorphous masses of tissue, particularly in the case 
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also in the Orobanchese, these reproductive shoots must first break through an 
envelope of tissue when they begin to elongate (cf. Fig. 18, p. 28). However, the 
matter requires further investigation, and the same holds good probably also of 
certain growl ng-points of shoots in the Jungermanniese among the Liverworts, which 
Leitgeb assumes to originate endogenously. 



• Fig. 314 and 315.— -Origin of a lateral shoot of (after 

janezewski). Fig. 314 (above) earliest rudiment at .f. Fig. 315 (below) 
further developed bud A with origin of root w. In both figures is 
the internode above the sheathing leaf j/? (highly magnified). 

The endogenous mode of origin is, on the contrary, a general peculiarity of the 
growing-points of roots; concerning which the most essential facts have already been 
stated in* the introductory lectures on Organography (p. 15). It is only necessary now 
to make the additional remai*k that the young lateral roots only make their appearance 
on the mother-root, as a rule, at a considerable distance from its growing-point. 
This, however, does not prove that they -did not already exist in embryo in the 
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neighbourhood of ■ the mother growing-point, or even in it Unforluriately, in spite 
of innumerable examinations of the apex of;the root, special ■ investigations on this 
'question are wanting: only so much is certain, that in .many cases the first visible 
rudiments of the young growing-points of roots are already to be found a few tenths 
of a millimetre behind the apex of the parent-root. It has likewise already |beeii 
mentioned in the lectures on Organography that the young roots arise progressively 
from a special simple layer of tissue at the circumference of the axial strand of the 
mother-root, and this, corresponding to the vascular strands, in two, three, or more 
longitudinal rows. Since the first beginnings of these tissue-differentiations are recog- 
nisable right up to the apex of the growing-point in the mother-root, the facts given 
do not prove that the growing-points of the lateral roots did not already exist in 
embryo in the embryonic tissue at the growing-point of the mother-root. While they 
then develope very slowdy, the apex of the latter grows rapidly in length, and thus 
it appears as if they had been produced far distant from the parent growing-point. 
In the absence of exact investigations on this point (which entail very considerable 
difficulties moreover), we must not overlook the possibility that the first rudiments 
of young roots may be formed at a distance from the parent growing-point ; here, 
however, the further assumption would present itself that the layer of tissue surround- 
ing the axial strand, and from which the young roots originate, contains traces of 
embryonic substance derived from the growing-point. This layer of tissue would 
then, with respect to the formation of organs, behave much as the cambium of 
wood-plants with respect to the formation of tissue, since we may regard the cambium 
also as a thin layer of embryonic tissue, which, however, only in rare cases produces 
growing-points of shoots. This is saying nothing new, since even the tissue of 
the growing-point was formerly designated Cambium. 

We have hitherto concerned ourselves exclusively with the formation of new 
growing-points from growing-points which already exist, or, to speak more generally, 
from embryonic tissue already present. In this way arises the ordinary normal 
branching of shoots and roots, and the foundation for the complete normal 
architecture of a plant is laid. It also happens, however, that new shoots and roots 
may originate at places where the tissue has already passed over into the permanent 
condition : in fully developed roots, in the interfoliar parts of shoot-axes, and more 
particularly in foliage leaves, the tissue of which is already completely differentiated 
and developed, new growing-points of roots and shoots may appear in somewhat 
numerous cases. I distinguish these new formations exclusively with the name 
adventitious structures — a name which formerly signified many other things also — 
thus implying that they constitute something merely additional, something superfiuous 
for the normal structure of the plant. This is not saying that they are superfluous 
for the whole biology and maintenance of the plants concerned : on the contrary, 
adventitious roots are often important organs for the support of a plant, while 
adventitious shoots serve as organs of propagation which sooner or later become 
separated from the mother-plant as so called bulbils, and, forming adventitious roots, 
become independent plants. 

Adventitious roots may originate, often in large numbers, at the most various 
places between existing lateral roots from a main root, or on shoot-axes or leaves, or 
even close beneath the growing-point of shoots, and may be indispensable even for 
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the normal maintenance of the plant: this is the case, for example, with many Ferns, 
and with the runners and rhizomes of numerous other plants. 

The occuiTence of adventitious shoot-buds is much rarer. It takes place chiefly 
on fully developed or on young leaves. As particularly well-known examples may 
be mentioned those in the indentation of the margin of the leaf of Bryophyllum 
calycinum, and the bulbils regularly formed in the angles on the ramifications of the 
veins of the leaves of Cardamine praknsis and NasH^rtiuin officinale. Very striking 
examples of such buds are found moreover in NymphcEa micrantha at the centre of 
the peltate leaf, and in various Aroideae — e.g. Atherurus ternatus, iht 

adventitious buds have the form of tubers or bulbs, which subsequently become 
free and form new plants. In a considerable number of other Monocotyledons 
and Dicotyledons also adventitious buds appear on the foliage leaves in the ordinary 

course of vegetation : these, however, so 
long as the mother-leaf is actively vegetat- 
ing, continue in the bud-state, as in the 
cases mentioned previously. 

Adventitious shoots are particularly com- 
mon on the large foliage leaves of the 
Ferns, and they appear regularly in the 
angles of the pinnatifid laminae of Cera- 
topteris ihaliciroides, and on the rachis 
of Asplenium caudalum, A* decussatum^ and 
other species of this genus: they occur 
also on the under side of the mid-rib of 
Woodwardia radicans and others. In these 
cases, as in Cardamine^ they grow while 
still connected with the mother-leaf into 
vigorous copiously branched plants, which 
sooner or later become free from the 
mother-leaf and can at once proceed to 
active vegetation. Among the most in- 
teresting examples of this kind we have 
moreover the formation of adventitious buds on the back of the living basal portions 
of the older foliage leaves of Aspidium jilix-mas (the common Male-Fern), for this 
plant developes no lateral buds whatever except these adventitious shoots (w'hich are 
moreover very isolated) and possesses no normal branching. It has already been 
stated in the introductory lectures on Organography that adventitious shoots are also 
developed not rarely from the roots of vascular plants, and new independent plants 
then proceed from these : this is the case, for example, in Rohinia, Aiiantkus, and also 
in the Fern Ophioglossum. To these cases also we may in a certain sense refer the 
production of shoot-buds from the growing-points of roots, as mentioned on p. 22. 

In opposition to the view formerly held by Hofmeister, that all adventitious 
growing-points arise in the interior of the tissue, and that all so arising are to be 
designated adventitious, it is to be noticed that in that case almost ail roots would 
have to be regarded as adventitious. With respect to adventitious shoots it is demon- 
strated by recent investigations, and especially those of Hansen on Cardamine, 



Fig. 316 . — Asplenium decussatum. Middle portion of a 
fully developed leaf the rachis s£ of which supports the pinnules 
// ; at the base of one of these has arisen the bud k which has 
already put forth a root (nat. size). 
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Akisiuriiim^ 2 Li\d Aikertirus, and is very probable for the remaining cases, tliat they do 
.not arise endogenously at all, but exogenously ; i.ri feet Hansen' showed that in 
the ■ cases mentioned cell-divisions and other changes appear in various directions 
at. . the points in question, in the epidermis and cortical tissue of leaves which are 
already fully developed, thus transforming the permanent tissue into embryonic 
tissue, which then forthwith forms a conical growing-point whence leaves and, 
subsequently, roots proceed. 

If the definition above given is adhered to, to regard as adventitious all 
growing-points which proceed from already differentiated permanent tissue, we 
must also regard the origin of the leafy stems of a true Moss as altogether adven- 



titious, since, as has already been said in the introductory lectures on Organography 
and as is to be seen from Fig. 317, these arise from certain ceils of the protonema 
which have already acquired the character of permanent cells. Here, as in other 
cases, it simply results that sharp limitations with regard to Nature are always 
ineffectual ; since, though we see in adventitious structures in the higher plants 
something superfluous for their architecture, this no longer holds good in the case 
of the Moss. 

In a certain sense the formation of so-called gemmas in the simply organised 
Liverworts, Algse, and some Fungi depends upon adventitious budding; the pro- 
toplasm of the already fully developed cells of leaves or other organs may become 
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isolated from the remaining tissues, surround themselves with new ceii-walls, and 
after a period of rest deveiope into new plants. 

All these phenomena of adventitious budding apparently stand in contradic- 
tion to the previous statement that the formation of organs in the vegetable 
kingdom proceeds from the embryonic tissue of the growing-point, which we have 
in its turn regarded as a derivative from the embryonic substance of the fertilised 
oosphere. But considerations from general points of view, to which I shall return 
subsequently, render this apparent contradiction irrelevant; as the growing-points 
which occur so universally are subordinated to the still more general conception 
of embryonic tissue, so also this latter again may be looked upon simply as a 
collection of embryonic substance formed during the process of nutrition in the 
plant, and collected at definite spots according to circumstances in each case. 

In the cases of the adventitious formation of shoots and roots hitherto' con- 
sidered, it occurs in the particular species of plant at certain definite points, and 
belongs moreover to the normal phenomena of life. At another opportunity, 
however, and proceeding from other points of view, I shall have to show that 
adventitious growing-points may arise at almost any given spot on the older 
parts of plants, when these are cut off or injured, and that in this manner a new 
shoot provided with roots may arise from the separated portions of shoots and 
roots of many plants. It is better to reserve these phenomena for subsequent 
consideration, however, since they serve to demonstrate particularly clearly the 
influence of external forces on the production of new organs. 



LECTURE XXIX. 


AXIS OF GROWTH; POLARITY; LATERALITY; RELATIONS 

OF POSITION. 


The terms at the head of this chapter denote a series of relations in space 
within the plant, the consideration of which we cannot here entirely pass over, 
because they afford us clear ideas on certain general processes of growth ; and it 
is .shown at the same time that a series of the most important relations between 
growth and external influences — i,e, phenomena of irritability — are only intelligible 
if we abstract from the relations of form evident to the senses, and keep in view 
these relations which are only accessible to abstraction. 

On every organ it is easy to distinguish two opposite ends, which we may 
designate base and apex^. The base is the place where the organ arises from its 
parent-organ, and is fixed to it; the other end, the apex, on the contrary, is free 
and movable. As the organ elongates, it is the apex which is pushed forwards in 
space by means of the growth taking place between it and the base. When the 
bud at the end of a shoot, or the growing-point of a root, gradually traverses a path 
of several centimetres, or even of several metres, in a perpendicular, horizontal, or 
oblique direction, this is accomplished by means of the growth between apex and 
base, by the intercalation of new substance, and, simply because the base is fixed 
while the bud with the apex is free, it is the latter which is moved forwards in space, 

A line which is supposed to run in the interior of the organ from the base to 
the apex gives the longitudinal direction, or the direction of growth in length ; and 
a plane which takes in this line is a longitudinal section. Every surface standing at 
right angles to this plane is a transverse section. 


^ In my ^ Lekrbuch der Botanik' (Aufl. 11 . 1870, § 26) I have already referred sufficiently in 
detail to the significance, not only morphological but also physiological, of the distinction between 
apex and base of the organs of plants ; and I pointed out in my treatise * Uber Stofftmd Form der 
PJlan%e 7 W 7 'gane' (Arb. des bot. Inst, in Wzbg., B. II, pp. 452 and 689) that Voechting had subse- 
quently, in his book ‘ Uber Organhildung im PJlanzenreich'* (1878), given another inaccurate mean- 
ing to the polarity designated by base and, apex. ■ In my text-book, as well as in my later treatise, 
^ Uber die Anord^iung der Zellen injungsten PJlamentheilen^ (Arb. des bot. Inst, in Wzbg., B. 11 , 
p. loi), the previous entirely inaccurate definition of the axis of growth by ITofmeister was-also 
corrected. 

[3] 


li 
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If the growing-point is situated at the free end or apex of the organ, then 
the base of the latter is its oldest part, and every transverse section meets a part 
so much the younger the nearer it lies to the apical growing-point. If, however, 
.the embryonic tissue which represents the growing-point is situated at the base 
of the organ, as is the case in many leaves, internodes, etc., then the relative age is 
in the reverse direction. 

The longitudinal direction does' not suffice to fix the position of the axis of 
growth in an organ. To define this more exactly the transverse section of the organ 
in question must be taken into consideration: in the transverse section of any 
organ there is a point which, with respect to the outline and the anatomical structure, 
constitutes the organic centre. Every small portion of the surface of the transverse 
section exhibits in its structure a side turned towards the periphery, and one turned 
towards this organic centre, and is bounded laterally by lines wffiich we may term the 



Fig. 31S.— Transverse section of the woody body of the stem of a Lfwe. 


radii of the transverse section. Just as the organic centre by no means necessarily 
coincides with the geometric centre of the transverse section, so also the radii are not 
always straight, but often curved lines, as is clear at once from the consideration of 
Fig. 318. Very generally the internal structure of the organ exhibits peripheral 
layers and radial arrangement at the same time, as is distinctly perceived on any 
transverse section of wood ; but every hair also, and even petioles and leaves, as w’-ell 
as the transverse section of single cells, may be thus regarded. 

If we now suppose the organic centres of all the transyerse sections of an organ 
(a shoot-axis, the mid-rib of a leaf, or a root, etc.) to be connected together by a 
line, this is the longitudinal axis, and also the axis of growth of the organ; and, 
according to circumstances in each case, it may be a straight or a curved line, or 
if at first straight it may subsequently become curved, and conversely. A plane 
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which, contains the axis of growth is .an axial longitiidlnal section. If the axis is 
curved in one .plane there is of course only one axial longitudinal section,; if, how- 
eveiv.the .organ is itself spi.ral, the axis of growth' also describes a spiral line which 
c.amiot be contained in one plane. 

As a rule the growth in the direction of the longitudinal axis is more vigorous—i. e. 
is more rapid, or continues longer, or both together — than is the case in directions across: 
the axis, as is at once seen in the case of most shoot-axes, roots, leaves, and hairs. 
This character, however, cannot be employed for the general definition of the axis of 
growth : there are cases where the growth takes place more energetically transversely 
to the longitudinal axis than parallel with it, as, for example, in the stem of Isoeks, in 
the short and broad fruits of some varieties of the Gourd, and in many leaves which 
are broader than they are long. However, no doubt can ever arise with respect 
to the axis of growth in such cases, since it is always possible to determine with 
certainty whether the transverse or the longitudinal section of an organ is under 
observation, and with a little practice even 
a very small portion of a transverse or 
longitudinal section suffices for the re- 
cognition of its true nature. 

If the growth in the direction of the 
axis is unlimited in the sense given above, 
the formation of external organs as well 
as the internal structural relations repeat 
themselves in the same direction ; the 
organ becomes segmented into a series 
of parts which may be distinguished as Me- 
tameres— an expression already employed 
in Zoology. The individual internodes 
of a shoot, with the leaves or whorls of 

leaves, lateral buds and other organs belonging to them', represent these metameres. 
If, however, the free growing-point of a shoot or leaf normally concludes with the 
formation of some special organ, metameres may still be present, but they are not 
similar to one another ; on the contrary, they undergo metamorphosis from the 
base towards the apex, as is particularly evident, for example, in the different forms 
of the foliage leaves on upright shoot-axes which conclude with a terminal flower 
{Ranunculus acer, Papamr somniferurri). The shoots of many horizontal creeping 
or climbing plants, on the other hand, consist of metameres which resemble one 
another, e.g. 'LyswiacJiia nummularta, CucurMta^ Glechoma^ Marsilia, etc. 

The presence of an axis of growth does not necessarily imply a distinction of 
base and apex also, although other cases may occur only among the very lower 
Algse. For instance, the filaments of the Algae Spirogyra and Sphmroplea, as w^ell 
as the filamentous cell-families of the Desmidiese and Diatome^, have always a 
longitudinal axis, though the two ends of the filament exhibit no distinction of apex 
and base. With this state of affairs is connected the fact that such plants are not fixed 
by the end to a substratum. In the globular cell-families of the Volvocine^ we find 
no distinct axis of growth at all, but only a middle point around which the whole 
organisation is more or less symmetrically arranged on all sides ; and some flat discoid 



Fifl. 319. — Anterior portion of a shoot at Herposifhoma 
repens (one of the FlorideiE). From the shoot-axis, wliich is 
curved forwards and upwards, and the growing-point of which 
is at V, the leaves //— ^3 arise ; these are likewise curved. 
sp lateral shoot ; 7u root (after Goebel). 
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B.S Pediasinm and Coleochmie scutaia^ may be looked upon, so far as their 
relations of growth are concerned, as representing a thin transverse disc cut out of 
a radially constructed shoot-axis. 

The ordinary case, however, is that of polar structure-— -i. e. the external and 
internal organisation exhibit a peculiar arrangement along an axis of growth, in such 
a way that all the relations of organisation are directed from the base towards the apex. 
This is very evident, for example, in almost all shoots, where it is possible to see with the 
greatest clearness even on small pieces which is the anterior and which the posterior 
end, or which is the base and which the apex. Doubt could only exist on this sub- 
ject, in the absence of exact investigation, 
in the case of roots deprived of the apex. 
The polarity to which I here refer thus 
indicates a progressive differentiation in 
the direction of the longitudinal axis, 
which may be compared to a certain 
extent, at least so far as it concerns the 
innermost nature— the capacity for reac- 
tion—to that of a magnet. 

The polarity appears more sharply ex- 
pressed, however, in the development 
of a new individual from a spore or 
from an oospore, where a distinct con- 
trast is at once observable between the . 
root-end and the shoot-end. This is thb 
case in the simplest and most elegant 
form with the ovoid sw^arm-spores of many 
Algae. The narrower colourless end, which 
is anterior and provided with cilia during 
the swimming movement, already indicates 
the root-pole even before germination ; 
while the other end, green and thick, 
may be distinguished -as the shoot-pole. 
The swarm-spore subsequently clings by 
means of the root-pole to a solid body, 
and the root-like organ of attachment is developed there, while the free shoot-pole 
developes into a simple or branched shoot. This is not the place to go into many 
other cases, and I may therefore at once refer to the behaviour of the young embryos 
of the Vascular plants. Here also, as in the case of a swarm-spore, the con- 
trast between root-pole and shoot-pole makes itself evident at an early period, 
and when the embryo is to a certain extent further developed, especially in the 
ripe seed in the case of the Phanerogams> it already actually consists of a root 
at the one end and of the first shoot at the other. That these two poles, which 
make their appearance even in the fertilised oosphere, subsequently come to act as 
root and shoot, and have an importance which is not merely something external 
and formal, but which dominates the whole being of the plant, follows not only 
from the different relations of growth of root and shoot, but equally from the 



Fig. 320.— Long’itudinal section through the grain 
and embryo of the Wheat, only the lower part aza 
being shown. C lower part of endosperm, f primary 
root, g its root-cap ; cc the so-called scttteUu 7 n or ab- 
sorbing organ of the embryo. 
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reactions of parts towards external influences, or, what is the same thing, from 
their' irritability; and the phenomena of irritability which appear in all parts of 
the plant without exception, will only become clear and comprehensible in all respects 
when the polarity of the organ is taken into account also. That a tree developes its 
crown in the air and its root in the earth is ultimately to be referred to the polarity 
of the root-end and shoot-end already present in the fertilised oosphere, by means 
of which the capacity to re-act towards light, gravitation, &c. is so distributed that 
the upright position of the tree finally results from it. Of course this can 
only become intelligible w^hen the phenomena of geotropism and lieliotropism 
are more closely studied. What has just been stated is only for the purpose of 
pointing out that it is no mere play- 
ing with empty terms when we speak 
of polarity in the plant ; on the con- 
trary, polarity denominates its whole 
life and growth. 

Those plants which creep on 
the surface of the earth, or float 
horizontally on water, usually under- 
go a change of their polarity on 
further development. , This may 
take place to such an extent that 
the original root perishes, while 
roots make their appearance on 
the under or shaded side of the 
forward-growing shoot, the upper 
side of the same shoot producing 
leaves and other organs. In this 

, j , . 1 s. 1 jl>rasum (X about 30). e epklerrais ; c/t chlorophyll cells, t' colourless 

way arise ^ uOrSl-Ventral plants, the parenchyma of the cortex parenchyma of pith;. ^^Wascular bundles; 

, * r 1 ' 1 sclerenchyma. 

shoot-axes of which possess a ven- 
tral side whence the roots spring, and a true shoot-side (as one may best term 
it) or upper, light side. There thus appears a polarity transverse to the axis of 
growth of the shoot — a polarity which elsewhere exists in the direction of the 
shoot-axis itself. However, I shall return to this important point, apart from 
w^hich the life of very many plants remains a puzzle. 

As a preliminary, it is necessary to make ourselves acquainted some-what 
more in detail with respect to the distribution of the relations of organisation 
on the transverse section, or rather around the axis of growth. Unfortunately 
there is no satisfactory word to designate what is here referred to ; for lack of a 
better the term Laterality may be employed^. It includes the two cases of radial 


^ The mutual relations of the parts -of a plant, designated Laterality in the text, correspond 
in the main to what was formerly termed the symmetry of plants. After a very valuable treatise of 
Mohl’s {Verniisckte SchHften, 1845, p. 12) botanists for more than twenty years did not concern 
themselves with these very important matters, until I again took up tire subject in the second 
edition of my * Text-book,’ 1870, p. 26, though proceeding from other points of \iew. In my treatise 
Uber orthotrope und plagiotrope PfianzeniheiU^ (Arb. des bot. Inst, B. 11 , p. 226) I then brought 
into notice the intimate connection between radial structure and orthotropic growth, and between 
dorsi-ventral structure and plagiotropic growth; 



Fig. 321. — Trans\’erse section of the flower-scape of Ailmm schmifi- 
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and dorsi- ventral growth. These apparently purely geometrical relations deter- 
mine, like polarity, in every respect the external form and internal capacity for 
reaction of the organ towards external influences. The entire mode of life of 
a plant or of a single organ is essentially dependent upon whether it belongs to the 
radial, bilateral, or dorsi-ventral type. Above all it depends upon these properties 
in which direction an organ attains its normal position. 

The radial structure is most distinctly shown on transverse sections of roots 
and perfectly upright shoot-axes. In the transverse section of such an organ the 
various masses of tissue appear arranged in three, four, or more directions in such 
a way that if we suppose the transverse section cut in half, the one half is, so to 
speak, the reflected image of the other, and three, four, or more such divisions may be 
imagined. If a radially constructed organ branches, the branches which resemble one 
another appear on it in three, four, or more directions. Particularly clear examples 
are afforded by shoots with the leaves in whorls ; but those with spirally arranged 
scattered leaves also belong here. The radial structure of an organ is evinced in 
general as much in its anatomical structure as in its capacity for producing out- 
growths (roots, leaves, lateral shoots) ; but perhaps the 
fact is still more important, and at any rate it stands in 
the closest connection with the above, that radially 
constructed organs are also sensitive in an equal 
degree on all sides of the axis of growth to external in- 
fluences or stimuli; or,. as I have designated it shortly, 
such organs are orthotropic— i. e. when they are sub- 
mitted to a directive force acting from with*out, as 
gravitation or a ray of light, they become curved 
Fig. 332. -Very young flower Until the axis of growth of the organ has acquired 

Rhubarb} seen from above : it still consists . 

entirely of embi-yonai tissue, three of the exactly the direction of the Ectiug foi'ce. Mcaiiwhile 

six perianth leaves ; a a the anthers ar- ^ 

rangedjn two whorls ;y- the ovary the objcct hcrc is oiily to indicate preliminarily the 

importance of this property. For the moment it 
will be well to render the reader somewhat better 
acquainted, by means of a few easily intelligible- examples, with the meaning of the 
word Radial. 

Since the expression radial (and the same is true of bilateral and dorsi-ventral) 
refers to the arrangement of the relations of organisation around the longitudinal axis 
of an organ or of an entire plant, the relations in question are observed most con- 
veniently on a transverse section. With respect to the out-shoots from a common 
axis, the mere view from above, as in Fig. 322, often suffices for obtaining a satisfactory 
picture of the arrangement. That this flower, still in an early stage of development 
and composed essentially of embryonic tissue, is radially constructed is obvious at 
once if three straight lines are drawn from the central point of the ovary /to the 
three outer floral envelopes h, and then produced backwards. The whole flower is 
divided by each of these three lines into two practically symmetrical halves in each 
case, and it is unimportant which of these three bisections is taken into consideration ; 
the halves pi*oduced in each case are alike in nature. The radial structure with respect 
to out-growths also appears very clear on transverse sections of the buds of shoots, as 
in Fig. 323. If we suppose straight lines to be drawn from its centre, where the 
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slioot-axis is. .situated, to the points marked . i, 2,. 3, 4, 5, in the .midribs o.f the leaves, 
and produced to the other sides, five divisions of the entire system are obtained, in 
which, the, transverse sections of the subsequent leaves 6, 7, 8, 9, 10 are also arranged; 
.only care must be taken lest error be made on account of a few minor irregiila.ri.ties, 
which depend in part upon the mutual pressure of the organs closely packed together 
in the bud-scales I-V, but which are in part artificially produced in the cutting. It is 
noticed further that the leaves numbered 1-9 in order of age, in spite of the radial 
arrangement, are nevertheless not arranged in circles as in the preceding examples ; on 
the contrary, an inspection of the same shoot after its unfolding, when the interfoliar 
parts have elongated, would demonstrate that the leaf 2 is situated higher than i, 3 higher 
than 2, and so forth. The leaves are, as is usually said, arranged spirally around the 



Fig. 323.'-~Transverse section through a winter bud of Spima sorbifoHa, bud- 

scales ; i—g the pinnate leaves, with their stipules (numbered similarly). 


axis, that is, if a line is supposed to run round the shoot-axis so that it takes in the 
points I, 2, 3-9, it forms a spiral. By means of longitudinal sections such a shoot 
with spirally arranged out-growths would never be divided into actual or even ap- 
proximately symmetrical halves, as the young flower considered above; nevertheless 
it is advantageous on physiological grounds to regard this very common case also as 
belonging to the radial type. The off-shoots radiate in five directions, not from the 
same but from different levels on the shoot-axis, a fact which is of subordinate 
importance for physiological conclusions. Instead of a transverse section then a 
so-called diagram serves to represent the arrangement not only on an individual 
shoot but even on an entire shoot-system. The whole is supposed to be looked at 
from above, and a sufficient number of concentric circles arc drawn on the paper ; 
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these circles represent as it were successive transverse sections, and this so that the 
outermost circle represents the lowest transverse section, and the following 
ones sections at higher and higher levels. On these circles the organs which arise 
at the different transverse sections are transferred in the order established by careful 
study. In this way is produced in Fig. 324 a diagram of an entire plant of Euphorbia 
helmcopia in flower, with the exception of the root. It is only necessary to observe 
that the leaves cc and i-io, and the central figure B which represents the first 
terminal flower, belong to the same shoot-axis. The five figures arranged around the 
centre, on the other hand, represent the diagram of five lateral shoots which have been 
developed from the axils of the leaves 6-10 ; each of these five shoots has produced 
only three leaves and a terminal flower and in the axils of the three leaves appear 



Fig. 324, — Diagram of a small plant of Euphorbia helioscopta. c c cotyledons ; 

//the first; I — lo the subsequent foliage-leaves ; 6, 7, 8, 9 and lo form a whorl ; i>V 
{in the centre) the terminal flower of the primary shoot ; //the terminal flower of 
one of the five axillary shoots ;/// in each case leaves of axillary shoot of second 

order. ’ 

again three shoots, each with three leaves. Without going more deeply into the varied 
relations of symmetry of this entire system, I may simply remark that the shoot com- 
mences with two opposite leaves cc (the cotyledons) upon which follow two foliage- 
leaves (/) decussate with them. Further upwards, however (i.e. further inwards in 
the diagram), the leaves i-io are situated, no longer in pairs but singly, at various 
heights on the axis; at the same time appear lateral displacements, so to speak, the 
leaf 3 stands above i, but the leaf 5 stands not exactly over 2, as ^vould correspond to 
the original order with which the arrangement of the leaves began, and finally we 
find the five leaves 6-10 arranged in a circle, and forming a whorl, whence the shoot- 
axis which lower down puts forth leaves radiating in four directions is now surrounded 
by leaves equally disposed in five directions. The central flower B also has five more 
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such enveloping leaves, which alternate however with the preceding leaves 6-iOj 
i.e. fall in the interspaces between their five radii:, finallj, the tripartite figure in the 
centre of the flower B is the ovary composed of three leaves. It is thus seen that the 
arrangements of the leaves on one and the same axis changes in tliis as in most 
other cases; moreover, the arrangement of the leaves on the five lateral shoots, as 
the diagram shows at once, is again different from that on the main shoot In 
spite of all these irregularities, however, the radial type is nevertheless maintained, 
at least on the main shoot of the plant ; the outgrowths radiate in four or five 
directions, and there would be no essential diflference if they radiated in eight or 
thirteen directions. These very few examples will probably suffice to show^ the 
reader what is implied by the term radial. 

Radial structure stands in direct contrast to bilateral structure, and here we 
have at once to distinguish two different cases, namely, ordinary bilaterality^, and the 
bilaterality which is combined with dorsi- ventral organisation. If, for example, we have 
an upright shoot furnished with two opposite rows of leaves, and we suppose this so 
bisected longitudinally that all the leaves are at the same time also bisected, the two 
halves of the shoot appear nearly symmetrically alike. If, on the contrary, we make 
the plane of division at right angles to the previous one, so that the leaves are not 
divided, we again obtain in the same way two similar halves, which are now however 
conditioned differently from the halves of the first division.- In the first case each 
half of the shoot has two rows of half leaves ; in the second case each has one row of 
whole leaves. Such a structure might just as well be named quadrilateral as bilateral, 
or even doubly bilateral. In any case, a symmetrically similar second half exactly 
corresponds to each half, and when gravitation, light, and other directive forces act 
equally from all sides on such a shoot it places itself vertically — it is orthotropic, like a 
radially constructed shoot, and it is physiologically to be relegated to the radial type. 

Much more frequent and essentially different from the latter, however, is the 
dorsi-ventral bilaterality met with in very many creeping and climbing shoots, in all 
leaves, and even in very many lateral shoots which spring from orthotropic and 
radial main shoots. The dorsi-ventral organisation has always as a consequence 
that the organs concerned are plagiotropic towards external influences, i. e. the eflect 
of gravitation, light, and other directive forces induces such organs (which are 
usually moreover extended flat) to place themselves across the direction of gravitation 
and of the ray of light. We have to regard as the commonest examples of dorsi- 
ventral bilaterality the ordinary flat foliage-leaves. Their bilaterality is at once clear 
on observing how two halves of the lamina exist right and left of the mid-rib; these 
are usually nearly symmetrical in leaves on upright shoots; in those on horizontal 
or oblique shoots they are generally more or less unsymmetricaL The leaves of the 
Elm and the so-called oblique leaves (e. g. Begonia) afford well-known examples of 


^ The doubly bilateral but not dorsi-ventral organs are closely connected with radial organs, 
both as respects geometric considerations and their reactions towards external influences ; in par- 
ticular they are, like those, orthotropic, as is easily perceived in the case of the very excellent 
example of the gemmee of Marchantia, Hence, although from a purely formal and geometrical 
point of view, the chief contrast appears to lie between radial and bilateral organs ; nevertheless, so 
far as physiology is concerned, the contrast between radial and dorsi-ventral organs is much more 
: important. ■■ ■ . ■ ■ ■ ■ 
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this. If the leaf is divided or branched, then in like manner the halves of the entire 
leaf situated right and left of the mid-rib are symmetrical or unsymmetrical : 
nevertheless they are always equally and oppositely constructed, as our right and 
left hand. Fig. 325 shows several foliage-leaves of an Aroid, the ortho tropic and 
radially constructed stalk of which grows vertically out of the earth, while its bilateral, 
symmetrically branched lamina is at the same time dorsi-ventral, and thus situated 
oblique or horizontal. 

Flat foliage-leaves, as every one knows, are differently constituted on the under 
and upper sides — they are dorsi-ventral. The lower side is. frequently hairy while the 
upper is smooth : the veins project as ribs below, while on the upper side there are 
generally corresponding depressions: the under side is dull, the upper side shining 
and dark green, and so forth. The difference between the upper and lower sides 

appears still more conspicuous 
on regarding the transverse 
section of a leaf under the 
microscope, as represented in 
Fig. 326. If we suppose the 
mid-rib MJV bisected by a ver- 
tical line, this corresponds to 
the principal section of the 
leaf, and divides the whole 
bilateral lamina into a right 
and a left half. We can ima- 
gine no plane of division situ- 
ated in any way at right angles 
to this, however, by which the 
transverse section of the leaf 
would be so divided into equi- 
valent upper and lower halves. 
As the figure shows, the whole 
organisation of the leaf is 
differently constituted in the 
upper and lower halves, though 
no very definite boundary line 
exists between the two; and it is just in this that the character of the dorsi- 
ventrality lies. It must be noticed, however, that the visible anatomical structure 
which we here take into consideration, is itself again simply the expression of a 
dorsi-ventral constitution situated still more deeply in the invisible organisation. 

It can be shown that in every individual cell of the leaf the half turned upwards 
is differently constituted and re-acts differently towards stimuli from the lower one. 
This remarkable fact comes out still more clearly in the case of those plants which 
consist not of cell-tissue but of simple vesicles : in such cases the dbrsi-ventrality 
is often not to be established by means of the microscope, but by the reactions 
towards gravitation and light, which compel us to the assumption that in such 
simple utricles the molecular structure presents corresponding relations of direction 
across the axis of growth. 



Fig. 323. — Leaves oi Atnorj^hophallus bulbosus, A is branched 
once, B three times. 
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.The ■ flat '.shoots of the Liverworts exhibit a dorsi-ventralitj like, that of the 
foliage-leaves, which they resemble in other respects also; and the sam.e is the .case 
with many Algse and the prothallus of the Fern, In all these cases the contrast 
between the upper and lower (or dorsal and ventral) side is sti.ll more peculiarly 
characterised by the nature of their ojff-shoots: the roots always arise from the 



lower or ventral side, which is turned away from the light, while the sexual organs of 
the dorsi- ventral Liverworts arise from the upper side; those of the prothallus 
of the Fern from the lower side, which is turned from the light. 

The relations are more complicated when a shoot possesses dorsi- ventral 
organisation, and at the same time a sharp segmentation into axis and leaves; 



LECTURE XXIX, 


492 

and this case is very common. The genus of non-cellular Algas Cauierpa, so often 
referred to already, presents a clear example of this. As shown in Fig. 327, the 
shoot-axis s v is sharply segmented off from the roots w and leaves A. The shoot-axis 
creeps horizontally, and its dorsi-ventrality comes out far less in its anatomical structure 
than in its producing exclusively roots on the under side and exclusively leaves on the 
upper side; and when lateral shoots originate from the shoot-axis (which rarely 
happens however) these come forth alternately on the right and left flanks. It may 
here also be mentioned in anticipation that the roots and leaves which spring from 
the dorsi-ventral, and therefore plagiotropic shoot-axis, are, in their turn, orthotropic : 
the roots grow vertically downwards and branch radially, the leaves grow vertically 
upwards and branch bilaterally. Just as in this unusually clear case, the dorsi- 
ventral character of the branching occurs in other Alg^ which undergo cell-divisions 



as they grow, and even in many highly organised Cryptogams and Phanerogams, The 
entire group of Rhizocarpese behave like Caukrpa, and among the Phanerogams 
Uiricularia especially is to be mentioned, because in it the lateral shoots sprout from 
the dorsal side and the leaves from the flanks of the dorsi-ventral axis ; among the 
Ferns again the genus Lygodium is especially remarkable, because in it the leaves 
arise in one series from the dorsal side of the dorsi-ventral creeping stem. 

In these and other cases it is the plumule which, gathering strength as the 
main shoot, assumes the dorsi-ventral structure, so that the entire plant is dominated 
by the dorsi-ventrality in its organisation. It happens much more frequently, how- 
ever, particularly in Phanerogams, that the plumule possesses a radial structure 
from the beginning, with its off-shoots on three or more sides, and grows 
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upwards, and then, ■ not only all 'leaves, .but also the lateral, shoots spiiiigiiig' 
from the orthotropic main shoot, are dorsi-ventral in structure. ,This, is unusually 
clear in some Conifers, especially in the genus Abies: all . the lateral, branches 
springing from the' radially constructed stem, which grows perpendicularly upwards, 
are here bilatend and dorsi-ventral in structure, and grow out in a horizontal 
direction. Even in many Dicotyledons the same occurs, e. g. in the edible. 
Chestnut, the Red Beech and others, where the vertical main shoot exhibits 
radial phyllotaxis and branching, but the 
lateral shoots bilateral and dorsi-ventral 
structure — bilateral branching combined 
with a tendency to horizontal or oblique 
direction. 

As follows from what has been stated 
hitherto, the capacity of the organs of a 
plant to react towards gravitation, light and 
other directive forces, so that they grow 
in a definite position of equilibrium with 
respect to the horizon, co-operates causally 
wdth their radial or dorsi-ventral structure ; 
or, as we may also say, -the Anisotropy ^ 
of the organs is determined at once by 
their radial or dorsi-ventral structure. A 
more detailed consideration of this matter 
is better relegated, however, to the chapter 
on the phenomena of irritability, though 
on account of the close interdependence 
between growth and anisotropy the subject 
could not be entirely passed over here. 

For the elucidation of the most es.- 
sential difference between radial and dorsi- 
ventral structure of an organ, however, 
the following considerations may serve in 

addition. Let us imagine an ordinary mQ,3e^.^piitdarmgiobuiifera(nat.eiz^^ 

termmai bud of the stem ; (5 leaves; roots ; 

foliage-leaf, in which the upper and lower /sporocarps. 

sides are sharply characterised, and which is therefore a distinctly dorsi-ventral organ, 
so rolled together parallel to the longitudinal axis that its lower side appears as the 
convex outer side. As Fig. 329 (C and A) shows, a radially constructed organ is thus 
produced from the dorsi-ventral one; since it is clear that a transverse section of the 
rolled-up leaf must exhibit equal distributions of the organisation in all clirections. 
If, conversely, we suppose any hollow stem whatever slit up in the direction of its 
length, and then spread out flat, there arises from the previously radial organ a dorsi- 

^ I first pointed out generally that Anisotropy, i.e. the different capacity of the organs of the 
plant to react towards similar external directive forces (gravitation and light), is a necessary result of 
the radial or dorsi-ventral structure, in various editions of my Text-book, and then made it quite clear 
in my treatise ' Uher orthotroT>e imd ;plagiotrepe Organe^ (Art. des hot. Inst., B. 11 , pp. 274, &:c ). 
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veBtral one, one side of which is differently organised from the other. Finally, 
we may suppose yet a third construction: assuming some hundreds or thousands of 
seedlings, each of which possesses a radicle and a plumule, to be placed beside one 
another and parallel in the ordinary direction, and closely connected together, then 
these seedlings form a whole in the direction of a line or in a surface, all the roots 
being on the one side, all the shoots on the other. We have then a dorsi-ventral 
structure, one side of which is composed of roots and the other of shoots. And con- 
versely, many dorsi-ventral organs may also be so broken up into individual elements 
that each of the latter possesses a root-end and a shoot-end ; if, for example, a piece 
is supposed to be cut out of the horizontal flat shoot of a Marchantia, perpendicular 
to the surface, by means of a narrow cork-borer for instance, this portion bears on 
the under side one or several rhizoids, and on the upper side cells containing chloro- 
phyll, and it behaves like a small upright plant Similarly we may isolate from a 
Marsilia or Pilularia^ by means of two transverse sections of the shoot-axis, a so-called 
node, on which a leaf is situated above, a root below. That such a mode of looking 

at dorsi-ventral structure is not an 
arbitrary playing with words, but, 
on the contrary, accords with the 
true being of such a plant, fol- 
lows, as I have definitely shown 
previously, from the behaviour 
which dorsi-ventral organs ex- 
hibit towards the influence of 
gravitation and light : from every 
dorsi-ventral organ which places 
itself across the direction of gra- 
vity and of the rays of light, and 
is thus plagiotropic, a radial or- 
gan can be produced simply by 
rolling it together, and this, under 
the influence of gravitation and 
light, behaves as a radial orthotropic organ. Nature herself makes this experiment 
in cases where young foliage leaves are rolled round one another in the bud and 
constitute a radial orthotropic structure ; when the older leaves become freed from 
the bud and unroll, they then appear as dorsi-ventral organs which place themselves 
across the directions of light and gravitation. 

From what has been hitherto said it obviously follows that the radial or the 
bilateral dorsi-ventral organisation of a plant-organ constitutes a fundamentally primary 
property of it, upon which depends not only the reaction towards external directive 
forces, but also the ways and means by which new formations — secondary offshoots — 
proceed from a given organ. The arrangement of the leaves and lateral shoots on a 
shoot-axis is above all determined by whether the latter itself possesses radial bilateral 
or dorsi-ventral structure h In this simple point lies at once the complete refutation 


^ The statements of fact here referred tojare borrowed from Goebel’s work, ‘ Uber die Ver- 
zweigung dorsiventraUr Sprosse ’ (Arb. des bot. Inst., B. II, pp. 353, he.). I need only remark that 



Fig. 329. 
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of the so-called doctrine of phyllotaxis founded by Schimper and Alexander Braun, 
and the spiral theory lying at the fou*ndatioii of it, and which has dominated Botany 
for more than forty years. This theory was derived from the consideration of the 
upright radially-constructed shoots of the vascular plants, in which the above- 
named spiral arrangement of the leaves commonly occurs. On imagining the 
leaves of such a shoot-axis connected together by a line in the order of their age, 
this line took the form of a spiral line continually winding round the shoot-axis, and 
this was designated the genetic spiral ; in it the fundamental law of growth of the 
vegetable kingdom was supposed to be perceived. It was therefore sought, even in 
cases where the leaves stand in two straight rows on the shoot-axis, and further, 
where they are distributed in decussate pairs or in alternating whorls (Fig. 331), and 
even in such cases where they appear on one side only of the shoot-axis, to carry 
out the spiral arrangement as the fundamental law of growth, whereby it was 
necessary to employ the aid of a series of the most arbitrary assumptions. 

An unprejudiced observation of the processes at the growing-point, taking into 



FIG. 330.-“Diagram of a shoot, the leaves of which 
are scattered with a divergence of 2-5ths. 



Fig. ssr.—Diagrara of the flowering stem of 
Parts quadrifolia. 1 1 whorl of large foliage leaves 
beneath the flower; a/ outer, ip inner perianth; 
a a outer, ia inner stamens. In the centre is the 
young fruit consisting of four carpels. 


account at the same time the physiological relations of growth, demonstrates, however, 
as Goebel has already expressly shown, that the spiral theory is not transferable to 
dorsi-ventral shoots, because it directly contradicts the facts; the above-mentioned 
relations of growth of Caulerpa, Lygodiuni^ the Rhizocarpese, Liverworts, etc., show 
that not only the places of origin of the leaves but also those of the lateral shoots, 
roots, and sexual organs, are to a certain extent determined by the dorsi-ventral or 
radial structure of the mother-shoot. There is not the smallest ground for regarding 
the single rectilinear series of leaves on the dorsal line of the stem of Zygodiu?n in 
any way as an expression of spiral arrangement, and just as little is this possible with 
the phyllotaxis and branching of the Rhizocarps, and even the very numerous cases 
of two-rowed phyllotaxis, especially for example in the Grasses, and likewise the 


I, for my part, in the establishment of the idea of dorsi-ventrality by no means had in view exclusively 
the anatomical structure, but just as much, on the one hand, the molecular structure, and, on the other 
hand, the capacity to produce different organs in different directions. Only there was no necessity 
for me to go more in detail into the latter point, Goebel having done it so well. 


49 , 6 . 


LECTURE XXIX, 





numerous cases of decussate pairs of leaves, as in the Labiatse, contradict in every 
way even the merely formal arrangement in a s’o-called genetic spiral running round 
the shoot-axis. This latter, moreover, even where it can be carried out, viz. in the 
case of radial shoots with scattered leaves, is only subjective and imagined as 
belonging to the plant by the observer, and has no significance whatever for the 
knowdedge of the processes of growth themselves. Innumerable cases may be 
adduced from which it results definitely that the arrangement of the leaves and 
lateral shoots on a shoot-axis essentially depends upon whether the latter is already 

radially or dorsi-ventrally constructed 
at its growing-point. A few exam- 
ples only will serve to illustrate this. 
Fig. 332 represents a transverse sec- 
tion through the lateral shoot of an 
Aloe, It grew out from the mother- 
shoot at first horizontally, and pro- 
duced its leaves right and left in two 
Fig. 332. — Transverse section of a siioot of alternating TOWS, US may bc sccu by 

the numbers 1-6 : eventually the 
growing-point of this shoot took an upward direction, and it became orthotropic 
and radial. This change found its expression in the fact that the primitively straight 
rows of leaves now pass over into two spirally- wound ones, as is to be seen from the 
two dotted lines 7, 9, ii, 13, 15, and 8, 10, 12, 14. The completely erect shoot 
bears a rosette of leaves radiating on alt sides. 

Among the inflorescences of Phanerogams are to be found very many, especially 
in the families of the Boraginese, Papilionacese, and Urticaceae, which are termed 
unilateral in descriptive botany, that is to say, the shoot-axis from w^hich the more or 

less numerous flowers arise as lateral shoots is itself 
dorsi- ventral, and therefore produces flower-shoots only 
on its dorsal or only on its ventral side. The spiral 
theory was compelled, in order to vindicate itself 
in such cases, to put forward the most extraordinary 
and improbable accessory hypotheses. By means of 
careful investigation of the processes at the growing- 
point, Goebel showed, however, that it is altogether 
impossible to entertain the spiral theory in such cases, 

F,G.333.-Youngi„flo.ascancc simply becausc the leaves on the dorsi-ventral parent 

oi symphytt< 7 n. v growing-point; g^^is bud forth, US u matter of fact, only on one side, in 

one, two, or more rows. Fig. 333 shows this behaviour 
at the -growing-point of an inflorescence of 
and the case is exactly the same, in the common Forget-me-not {Jl^oso/zs)i In the 
latter plant especially, any one may easily perceive how the axis of the inflorescence, 
which is rolled spirally inwards and downwards, bears flow^ers arranged in two rows 
on its convex upper side only: the mature, state observed with the unaided eye, 
as well as the processes at the growmg-pomt, forbid every attempt to speak here of 
a spiral arrangement. 

But even in individual flowers the case occurs that the different phylloid organs, 
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which spring from the growing-point, appear in a sequence and order which excludes 
the employment of the spiral. Payer, who has done such excellent service with 
respect to the developmentai history of dowers, showed that the flower of the 
common hlignonette (Fig, 334) is a strictly bilateral structure. From its growing- 
point the sepals, petals, stamens, and carpels are put forth in such a manner that 
their development begins at one point of the circumference, and then proceeds 
right and left on both sides of the young flower towards the opposite point. 

Closely connected with the spiral theory, was also the view that lateral shoots 
from a main shoot can only arise in the axils of the leaves. But even this so-called 
principle of axillary branching presents itself on unprejudiced observation only as 
a special case, occurring chiefly among the Phanerogams, and even there only 
when lateral shoots arise on erect and radially constructed shoots. Where the 
dorsi-ventralily of the mother-shoot is sharply expressed, however, as iu the cases 
mentioned above, the lateral shoots may arise on the flanks of the mother-axis 
while the leaves are situated dorsally, or vice versa. In Ferns and Zviosses, the most 
careful investigations into the development have shown that normal lateral shoots 
may arise on the back or on the 
flank of the base of the leaf, or 
even quite independently of any 
relation to the leaf. Even in the 
Phanerogams, from which the older 
theory of phyllotaxis started, it is 
not always possible to apply the so- 
called principle of axillary branching: 
the floral region especially affords nu- 
merous examples of this. Not rarely, 
as in the Cruciferae, many Papilion- 
aceae and Boragineae, in Aroideae, 
and others, the flowers arise on the 
mother-axis without being preceded by leaves, in the axils of which they might arise. 
They are leafless branch-systems ; and in some Boragineae and Crassulaceae, 
where it is true leaves are formed on the dorsi- ventral axis of the inflorescence, 
these are situated with no obvious relation to the flowers, and even the number of 
these leaves does not always correspond to the number of the flowers. 

The theory of phyllotaxis, with its assumption of the spiral as a fundamental 
law of growth, has, to the great injury of all deeper insight into the growth of the 
plant, established itself so firmly that even now it is not superfluous to show up its 
errors point by point. Thus, among the errors of this theory is the one that the 
spiral arrangement of all organs on a common axis must necessarily follow from its 
so-called parastichies. By the term parastichy am der stood the serial arrangement 
of lateral organs in two or more directions which, cross one another ; this appears 
very clearly in cases where numerous organs are situated close beside one another on 
a common axis. If in such a case the organs have approximately the same form, they 
involuntarily present rows to the eye, which it can follow from right to left or from left 
to right. The two dotted lines a and b in Fig. 335 will at once show what is meant. 
Now it is of course possible, with certain premisses which the founders of the spiral 

[ 3 ] Kk 



Fig. 334.—Devclopnjent of the flower of Reseda odorata {after Payer). 
To the left a young, to the right an older bud ; the anterior sepals s 
are cut away from the latter, the posterior ones remain, p p petals ; 
St stamens, the posterior ones already advanced in size, the anterior 
ones not yet developed ; c carpel— rudimentary fruit. 
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theory arbitrarily made, to construct the so-called genetic spiral out of these para- 
stichies by certain geometrical artifices. But, on the one hand, direct observation 
shows that these premisses by no means always fit the case, and that nevertheless 
very fine parastichies arise; and very often it may be said, on the other hand, that 

when numerous figures or bodies similar 

9 to one another are placed close beside one 

another on a common foundation in any 
sequence w'hatever in time, they must 
necessarily present to the eye viewing 
them series crossing right and left. Even 
ordinary wall-papers show such parasti- 
chies, and in the same way the arrange- 
ment of the sOales on the bodies of fishes, 
of the hairs on the skin of mammals, and of 
the tiles on a roof exhibits such parastichies 
clearly enough. They are particularly well 
FiG.33s.--The^row:ngj.p^^^^^^^ secn ill the casc of the scales of pine 

cones, and in the numerous flowers of the 
capitulum of the Compositae, especially that of Helianihus annuus^ or the flowering 
head of Dipsacus and of the Aroidese, and it was these objects particularly which the 
supporters of the spiral theory employed by preference, for the purpose of constructing, 
the genetic spiral from the parastichies. Nevertheless it is very easy to show in 
these very cases how uncertain were the facts on which the spiral theory was often 
supported. Fig. 336 may serve for the illustration of this. The figure represents 



FIG. 336.~Arrangement of the young' fruits on the conical axis of a flower-head of 
(Fuller’s Teazle). 

the arrangement of the unripe fruits of Bipsacus fullo 7 ium closely crowded on the 
conical floral receptacle, but transferred from the natural curved surface to the plane 
of the paper : this was attained by blackening the conical flower-head with printer's 
ink, and subsequently rolling it on the paper. The figure is thus in all essential 
points quite true to nature. We perceive at once two mutually crossing sytems of 
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parastichies ascending right and leff: these however exhibit irregularities which are 
inexplicable by the spiral theory, but otherwise easily intelligible. The irregularities 
simply depend upon the fact that the rhomboidal quadrangular frulLs are every- 
where nearly equal in size, but the receptacle on which they are situated becomes 
smaller al.)o\'e, since it is conical where youngest. Hence the number of the fruits 
occurring side by side at the same height decreases upwards ; also the number of 
parastichies must be diminished by certain of them simply ceasing at different heights. 
Thus the series 3 in the figure ceases between a a'' and r/, and in the same w'ay 
several others besides m and terminate on the right of the figure between If and i?/. 

The doctrine of phyllotaxis based on the spiral theory, w-hich according to the 
so-called principle of axillary branching w^as regarded as dominating the position of 
the lateral shoots, laid, further, great stress on the fact that on shoot-axes richly 
provided with leaves or oflf-shoots generally, certain ‘divergences^ repeat themselves 
more frequently than others. By divergence is understood that portion of the cir- 
cumference of the shoot-axis which lies between two consecutive leaves; thus, in 
two-rowed phyllotaxis it amounts to in three-rowed to in five-rowed to f, in 
eight-rowed to ’ § of the circumference, and so on. In the case of some axes 
abundantly provided wdth outgrowths (Pine cones, shoots with crowded leaves, &c.) 
it is shown now*' that the divergences on the so-called genetic spiral remain constant 
for more or fewer of the segments of the chain, and (a point on which particular 
stress was laid) that the very divergences named— viz. f, |, &c.— recur 

somewhat frequently. These fractions (parts of a continued fraction) appeared to 
constitute the expression of a mysterious law which xvas assumed to dominate growth 
in a supposed spiral manner. But it was nevertheless seen to be necessary, in addition 
to the relations of phyllotaxis represented by that fraction, to add yet others, which 
of course led to any continued fraction whatever, wdiereby however the point lost in 
significance. The numerous cases of dorsi-ventral shoots however remained entirely 
outside the system : in these, homologous off-shoots arise only on one side of the 
axis or on two opposed flanks, and these could in no case be placed on a spiral 
running round the axis. Further, it was fatal to the theory that the mysterious 
divergences by no means remain constant even on one and the same shoot-axis, but 
mostly begin with simple fractions, such as ^ or -I, or quite irregularly, and then pass 
over into f, f , and so on, probably to be continually returning again to simpler ones, 
or yet others. In addition to this it turned out that even in very closely allied plants 
the relations of position are often importantly different, and, which I would lay more 
stress upon than on anything else, the whole spiral theory, with its divergences and 
continued fractions, found no application whatever to the .branching of roots —the 
roots had no existence, so to speak, for the spiral theory. 

Nevertheless the frequent occurrence of the divergences |, |, j%, &c. is 
a fact of observation. The secret of this occurrence and the frequent absence of 
other divergences is explained, according to Schwendeners investigations ^ by 

^ Hofmeister first attempted, in 'hXs ^ Allgemeine Morphologie der Gcwdchse' (1868), to shake 
the foundations of the doctrine of phyllotaxis of Schimper and Braun, but he was himself in the 
main still swayed by this doctrine. For my part, I have from the first regarded the theory of 
phyllotaxis more as a sort of geometrical and arithmetical playing with ideas, and have especially 
regarded the spiral theory as a mode of view gratuitously introduced into the plant, as may be 
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mechanical and geometrical considerations, among which the mutual pressure of 
the young organs on a common axis plays an important part. It would require 
far too much space here, however, to go more in detail into Schwendener’s somewhat 
prolix account ; it suffices that, as he shows, it is possible to demonstrate by means of 
simple models (figures in a displaceable frame) how from purely mechanical causes 
arrangements corresponding to the divergence f , for example, must pass over into such 
as correspond to | and the transition from one divergence into the other being 
accomplished somewhat suddenly. Schwendener’s description is based on the 
circumstance, previously made evident by Hofmeister and myself, that the laws of 
phyllotaxis assumed by the spiral theory only appear at all where the young organs 
(leaves or shoots) arise on the growing-point of a mother-shoot in large numbers, 
and quite close beside one another, so that at first no free surface whatever of the 
axis is presented. By means of this very close position, the place of origin of the 
outgrowths newly added acropetally is in part determined, and at the same time, 
in consequence of the close packing, pressures and torsions must make their ap- 
pearance during growth, by which the relations of position assume their definitive 
condition. 

Where the offshoots of an axis appear at some distance from one another from 
the commencement, none of the relations spoken of occur. Apart from some Algae 
which we might adduce here, I may refer the reader to the known case of the whorls 
of branches of the Pines. The leaves of these trees arise close above and beside one 
another on the main shoot, and since they are from the first numerous and small 
in relation to the growing-point, they present complicated and somewhat constant 
divergences : . the position of every new leaf wdiich makes its appearance at the 
growing-point is simply determined by these conditions. The whorl of branches 
developed in any one year on a Pine, on the contrary, only arises after the growing- 
point of the main shoot which produces it has grown far beyond the whorl of branches 
of the previous year 5 the consequence is that the consecutive whorls do not alternate 
regularly as elsewhere, but are situated one above another in any direction on the 
stem. 

Since the older morphology as expressed in the genetic spiral with its parastichies 
and constant divergences which were supposed to stand in mysterious connection 
with one another, and further with its principle of axillary branching, cannot exist 
in the face of . an unbiassed criticism of the facts, simply because it sets up a few 
relations of position, Avhich only occur on radial orthrotropic shoots, as the funda- 
mental law of all vegetable growth, we must now rather acknowledge that there is no 
general law which can be formulated for the arrangement of the organs on a parent- 


read dearly enough in the four editions of my text-book. That the whole doctrine of Schimper 
and Braun depends, not, as it were, merely upon the inaccurate interpretation of single facts, but 
that it rather stands in direct opposition to scientific investigation, and was based on the founda- 
tion of the idealistic direction of the ^ Naiurphilosophie^ was clearly expressed by me in my ^Ceschichte 
der Botanik* (1S75). The fundamental ideas of this criticism were also subsequently placed by 
Schwendener, in his ‘ MechaniscJmi Theorie der , Blattstellungeii^ (1878), in the foreground of his 
considerations. A historical description well worthy of note of ail the views on leaf-position 
hitherto held, as well as a theory of his own, is contained in' Casimir de Candolle's ' Considh’ations 
mr r etude de la phyllotaxie'' (Genf, 1881). 
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axis f that on the contrary, according to circumstances in each case, special causes 
determine whether the relations of position turn out to be this or that. Among these 
causes the most important is the radial or dorsi-ventral character of the growing-point, 
which in its turn also may again depend upon whether the growing-point in question has 
arisen as a lateral offshoot of another grow- 
ing-point. Further, the more or less close 
crowding of the young organs at the grow- 
ing-point causes new organs to emerge at 
definite places, and during the growth dis- 
placements, torsions, pressures and strains 
take place. In all this, however, there 
is still much that remains unexplained — 
for instance, that the orthotropic radial 
shoots of the Grasses have their leaves 
alternating in tw'o rows, while those of the 
Labiatse have them in decussate pairs; 
why the radial shoot bears in one case 
whorls, and in another spirally-arranged 
leaves ; why vegetative lateral shoots of the 
Monocotyledons mostly begin with one 
first leaf turned towards the parent-axis, 
and lateral shoots of the Dicotyledons 
(Fig. 337) mostly with two, situated right 

and left; why in the true Mosses one leaf proceeds from each segment of the two- or 
three-sided apical cell, and so forth. But the chief point is that we feel ourselves 
free from the formalism of the doctrine of phyliotaxis, and that these phenomena of 
growth have now become transferable to the region of causal investigation — i. e. to 
the physiology of growth. 



337.— *A young lateral shoot of Sf /risa sarifiybh'at 
a the axis of the rnother-shoot ; <5 a leaf developed from this. 

growing-point of the young axillary shoot, from which the 
very young leaf-rudiment t is arising, rrfthe first leaves, and 
e— -2* the succeeding ones of the young shoot {somewhat highly 
magnified). 


LECTURE XXX. 

CAUSAL RELATIONS OF GROWTH OF THE DIFFERENT ORGANS 
OF THE PLANT ONE TO ANOTHER. 

(CORRELATIONS.) 

The processes of growth described in the last four lectures must for the time 
being be taken simply as facts, the determination of the causes of which is at present 
impossible. That the embryonic rudiments of all organs proceed from growing- 
points, which are themselves remains or continuations of the fertilised oosphere of 
the embryo, that in these the differentiation of the embryonic tissue takes place, that in 
post-embryonic development they not only increase in size, but also only attain their 
permanent outward form during this period of growth, and so forth — all these matters 
of growth appertaining to the development must in the meantime be taken as facts : 
that is, we must be satisfied meanwhile to look upon the phenomena in question 
as purely objective, and free from preconceived ideas, in order to obtain subse- 
quently a glimpse into the causes which bring it about that things go on as they 
have been described, and as direct observation shows. Vegetable physiology finds 
itself with respect to these phenomena of growth in the same position as is crystallo- 
graphy, for instance, respecting the question why common salt, the diamond, copper, 
&c., in spite of their differences in other respects, crystallise in the regular system, 
whereas graphite, calc-spar, quartz, &c. assume forms belonging to the hexagonal 
system. 

Nevertheless, in our considerations on growth so far, we have already obtained 
here and there glimpses of causal relations by the way. With, respect to cell- 
formation in the growing-points, the law of the rectangular intersection of cell-walls 
presented to us a causal element from which we ’were able to make intelligible 
the arrangement of the cells in the most different embryonic tissues: in the same 
way we found in the radial or dorsi- ventral structure of the growing-point the most 
immediate cause for the fact of the organs being placed vertically, obliquely, or 
horizontally, and producing their outgrowths on all sides, or only on one side, and 
so forth. Evidently there lie in these relations, at least the beginnings of a causal 
understanding of the matter, although we are by no means in a position to follow 
causes and effects step by step according to current mechanical conceptions. 

^ In this and the following lectures we shall be concerned with those phenomena of 
growth in which the effective causes or the causal principle are more clearl}' manifested, 
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though even here we must be satisfied with following the causes and effects of growth 
in their general outlines only. Even here also it must be left for the future to analyse 
the processes further, and to resolve the causal relations into their several factors. 

A better survey of the phenomena lying before us will be obtained if we first 
distinguish betw*een the internal and external causes of grow-th. We regard it as the 
effect of internal causes of gro'wthwvhen by means of the growth of one organ the 
growth of another organ of the same plant is promoted, or hindered, thus recognising 
a mutual causal relation in the growth of different organs of a plant. This mutual 
causal relation has been termed the correlation of the growth of the organs of a plant. 
On the other hand, however, experience also shows that the growth of individual 
organs, or parts of organs, may be promoted or hindered by purely incidental 
external actions, by light, gravitation, contact, pressure, and other influences of the 
environment. 

Here, however, \ve enter upon a province where it is very difficult to obtain 
certain information, not only because the connection between causes and effects 
is in itself extremely complicated in each of the two cases, but still more 
because experience teaches that the relations of growth of the plant to the external 
world, as well as the correlations, are variable in the highest degree. Processes 
of growth \vhich in the one species of plant are established once for all, and appear 
spontaneously by the internal connection of development, are only called forth in 
other species by definite external influences, and no sharp line is in this respect to be 
found anywhere. We are in the habit of saying that such phenomena are in the one 
case hereditary and constant, while in the other case they are caused by irritability; 
but it must not be forgotten that nothing is explained by such statements, only a 
logical classification — ^i. e. one suited to our preconceived ideas — is obtained. 

Here also I regard it as beyond my task to state all that is known with 
respect to correlations and external conditions of growth; but rather, in this and the 
following lectures, to make clearer, with a few examples only, the meaning of the 
questions here raised, and to show with ’what problems the theory of growth has 
to concern itself, and at the same time I must refer to the fact that it is exactly in the 
post-embryonic conditions of growth, with which we have chiefly to do here, that the 
organs of the plant are in a high degree sensitive to internal as well as to external 
influences. In spite of all difficulties and indefiniteness, however, profound interest 
is always attached to such considerations, because the question which here presents 
itself is as to wffiat causes determine the internal structure and the external fotm of 
organisms. Only a short time ago the forms oi organic bodies were regarded as 
something lying beyond the region of causality, and every organism was held to be a 
more or less successful realisation of an ' idea/ We here stand therefore on the 
boundary between two different modes of viewing the universe, of which the one, the 
idealistic — or, to put it in a more concrete form, the platonic — knows and will know 
nothing whatever of effective causes in the domain of organic form; whereas my 
view starts from the' fundamental notion that organic forms, exactly as the configura- 
tions of crystals, and all matters of form whatever — it matters not whether we are 
concerned with the shape of a drop of water, a planet, a cloud, or any other product 
of nature— must be called forth by effective causes, “ which are determined by the 
nature of matter and its forces under the given circumstances. 
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From this point of view, even the rudimentary beginnings of a causal explana- 
tion of the processes of organic growth appear of importance, even though we are not 
in a position to explain in any given case the connection of cause and effect link by 
link and step by step. It suffices that it can be said at all definitely that this of that 
relation of configuration in the province of organic beings may be referred to definite 
causes. 

As already mentioned, then, we are in this lecture concerned with those causal 
factors, which by the growth of one organ of a plant are given for the growth of 
another organ of the same plant ; or, to put it shortly, with the correlation of growth 
of the different organs of a plant. 

A very plastic subject for experimental^ researches in this province is the 
common Potato, On the subterranean portion of the shoot-axis, which developes 
above ground as the leaf-shoot, there arise in the axils of small scale-leaves in the 
normal course of things, thin filiform horizontally spreading subterranean shoots, 
which likewise only produce small scale-leaves, and which finally give rise to the 
potato-tuber, by vigorous growth in thickness at the tip of the shoot-axis. If at the 
period when the formation of tubers has not yet commenced, the portion of the leaf- 
shoot which is above ground is cut off, the terminal buds of the still young filiform 
runners become converted into ordinary leafy shoots, which ascend and grow out 
above the surface of the soil. Thus by removing the young main shoot it is possible 
to cause its lateral shoots, which would otherwise form tubers, to assume an entirely 
different form of growth; and we may therefore infer that in the ordinary course of 
the vegetation of this plant, the growth of the foliage-shoot brings it about that its 
subterranean lateral shoots become, not foliage-shoots likewise but potato-tubers. It 
is also possible to cause the production of tubers at will on the sub-aerial leaf-shoot, 
if the subterranean lateral shoots destined for the formation of tubers are carefully 
cut away from a vigorously growing potato plant, and the possibility of the formation 
of tubers belowground prevented. The materials normally adapted for the formation 
of potato-tubers now pass into the axillary buds of the sub-aerial foliage leaves, and 
cause their axial portions to remain short and to swell up and thicken, while their 
leaves develope but feebly. The existence of the subterranean runners, then, brings 
it about in the normal course of affairs that the materials destined for the formation 
of tubers do not prevent the development of the sub-aerial buds into leafy shoots. 

No less evident and easy to observe is a similar correlation between the apical 
shoot of many tree^ and the lateral shoots beneath the apex. If the terminal shoot 
of the Yir Adies ejccelsa and several species of Abies 2l\m6. to it (e.g. A, cephalonicd) 
is broken off, or destroyed by frost, &c., the horizontal lateral shoots of the upper- 
most whorl gradually erect themselves, and occasionally a similar effect is ob- 
served even on lateral shoots of the next low^er whorl. After 1-3 years one of these 
lateral shoots has usually obtained the upper hand, and has not only become erected 
vertically, but has also lost its bilateral nature ; the originally horizontal shoot has 
gradually become radial and completely orthotropic, and it produces henceforth four- 
or five-rayed whorls of branches exactly as the original terminal shoot of the main stem, 
„We may conclude from these facts that in the normal course of growth a causal 
relation exists between the growth of the young lateral shoots and that of the apical 
shoot of the main stem ; the growth of the latter evidently brings it about that the 
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lateral shoots are dorsi-ventral, grow horizontally, and become branched right and 
left chieOy in a horizontal direction. A similar relation, however, also exists between 
the various shoots of a whorl : if these are equally strong among themselves they 
all rise up "after the removal of the apex, but usually the strongest overcomes the 
others and detains the mastery which the true apical slioot exerted previously. In 
the Red Pine, however, it happens not seldom that after the removal of the apex of 
the main stem two or even three lateral shoots develope into complete apical shoots, 
hluch less plastic in this relation is the Fir Abies peciinaia^ and probably also 
some of its nearest allies. I have often removed the apical shoot from young trees 
of this species, but only seldom, after two or three years, has one of the uppermost 
lateral shoots erected itself to develope into a new apex. It is more commonly the 
case with this Fir, that close beneath the place whence the apical shoot has been 
cut off, or even from the upper side of the base of the nearest lateral shoot, small, 
previously unnoticed dormant eyes begin to put forth shoots, sometimes not until 
1-2 years after the removal of the apex, of which one then usually grows more 
vigorously than the others, and in the course of years is transformed into a new 
radially constructed apex. . 

Very similar mutual relations between main stem and branches also exist in 
other wood-plants, and especially many forest-trees, and are made use of in various 
ways in forestry, and especially in the art of felling timber, in order so to interfere 
artificially with the process of growth as to promote the development of certain buds 
and to suppress that of others : exactly the same occurs, however, also in small 
herbaceous plants and even in seedlings. If, for example, the common Scarlet 
Runner [Phaseolus tnuUiJlorus) is allowed to germinate till the primary rqot is about 
10-12 cm. long, and the young germinal shoot between the two cotyledons, the 
so-called plumule, is then carefully cut off, then, as the root- system increases in 
strength and activity, vigorous shoots grow out from the axils of the two cotyledons. 
These shoots do not usually develope in this plant, because as a rule the normal 
primary shoot attracts to itself the whole of the supply of nutriment from the 
seed, so far as it is suited for, the formation of leaf-shoots. In our experiment, 
on the contrary, the shoot-forming substances of the seed penetrate into the growing- 
points in the axils of the cotyledons and cause them to sprout vigorously. Not rarely, 
however, an abnormality makes its appearance here; these vigorously growing 
axillary shoots of the cotyledons exhibit so-called fasciations— i. e. the shoot-axes 
become broad and band-like, and crooked, and still other abnormalities occur. 
Since fasciations not rarely occur in plants of the most different kinds— 
e. g. in Willows, Composite of the Camomile group, &c.— it is at any rate of 
some interest to know that it is also possible to produce such abnormalities 
artificially, 

Goebel, a few years ago, in his ^ Beitr age zur Morphologic und Physiologie des 
supplied copious and well considered experimental material respecting 
correlation of growth; but I must rest satisfied with shortly reproducing here a few 
only of his results. GoebeFs researches ai*e chiefly concerned with the correlations 
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between the normal green leaves and the scales of winter-buds which envelope the 
young foliage-leaves until the next period of vegetation (cf. Fig. 301). He shows 
in the first place, by simple observation, that the bud-scales as well as the small 
scale-like leaves of the subterranean shoots of many plants are according to their 
origin and as a matter of fact ordinary foliage leaves, which, however, during further 
development are arrested in so far that the blade of the leaf (lamina) very soon 
ceases to grow, often even when it is not yet, or is scarcely, visible ; whereas a lower 
portion of the leaf, which is but little or not at all developed in normal leaves— the 
so-called leaf-base— in many cases grows up vigorously and constitutes the body 
of the scale proper. 

In order to examine the matter more closely, it must be noticed in the first 
place that Eichier established, so long ago as 1861, that two or three stages must be 
distinguished in the development of a leaf. The body which comes forth imme- 
diately from the growing-point of the shoot as the leaf, is termed by Eichier the 
primordial leaf: it appears as a crescentic or annular cushion of embryonic tissue. 
This primordial leaf becomes segmented in the first place into two chief portions ; 
a stationary zone, which takes no further part in the formation of the leaf, and 
a portion which gives rise to the leaf proper. The former is the foliar base, the 
latter the so-called upper-leaf, from which the blade of the leaf arises in every case : 
when a petiole is developed it is intercalated, as it w^ere, subsequently, between the 
foliar base and the young lamina. Goebel show^s now that the scales on the wdnter- 
buds of SyriTiga^ Lomcera, Daphne^ and others, come into existence by the rudi- 
ments of the foliage-leaves being arrested at a middle stage of their development, 
the formation of the otherwise normal petiole being altogether suppressed. 

A second category of bud-scales is found in the species of Maple, Horse- 
chestnut, and other trees. In these cases the bud-scale arises by the above-named 
foliar base of the primordial leaf developing vigorously wdiile the lamina of 
the leaf, though it exists in a rudimentary state, is soon arrested, and may then 
be detected at the apex of the scale by means of the microscope. If sprouting 
winter-buds of the Maple and Horse-chestnut are examined in the spring, 
intermediate forms between ordinary bud-scales and foliage-leaves may often be 
found; the scale-like portion (that is the developed foliar base) is then smaller, 
but the arrested lamina is so large that it can be recognised at once as a 
foliage "leaf. 

In a third category of winter-buds, it is from the so-called stipules— that is, leaf-like 
structures which protrude laterally right and left from the foliar base at the sides of 
the leaf proper — that the bud-scales arise. In various species of Alnus and 
in the Tulip-tree, the enveloping of the winter-buds is eifected simply by the 
lowermost, tolerably normally developed foliage-leaf having its two stipules modified 
in the form of bud-scales. In our native Oaks also, and in the White Beech and 
Red Beech, it is the stipules of arrested foliage-leaves wdiich envelope the winter- 
buds ; in these cases, however, the laminae of the leaves in question are completely 
arrested very early, although their true nature can still be distinctly perceived by 
means of the microscope. Even the bud-scales of those Coniferae and Cycadeae 
which form resting-buds are, according to Go. beFs investigations, simply modified 
foliage-leaves. Of subterranean scales, those on the rhizomes of Dentaria^ Chrysos- 
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plenkim, Ane?none hcpafka^ and other species of AnemonCj may here be mentionecl 
In ail these cases tlie subterranean and sometimes succulent scales have arisen 
by the further development of the foliar base, while the lamina, though still more 
or less evident, is arrested. 

That, so far as these scale-structures are concerned, it is actually a matter 
of eorreiation of growth, Goebel has experimentally demonstrated in the case of 
Prumis padus^ among others. The growth of this tree proceeds as follows. , .In the 
spring the axillary buds of the shoots of the previous year become unfolded and 
again form axillary buds in their turn : these produce in the first place bud-scales, 
and pass through the period of rest during the summer and following winter 
enveloped in these. The bud-scales which thus arise in the spring come into 
existence in Pnmus padus by the vigorous de\^elopment of the foliar base, which 
bears above indications of not only the proper lamina of the leaf but also of 
two stipules, all, however, very small and only recognisable by means of the 
microscope. 

On the 14th of April a number of growing shoots and young plants of Primus 
padus were partly deprived of leaves, and partly lopped at the apex; that is, the 
terminal buds were removed. On the loth of May the result was that the axillary 
buds which should normally unfold only in the next spring had commen ed to put 
forth shoots, and vigorous normal leaf-Tshoots were subsequently developed from 
them. Apart from other results of this experiment, it teaches that the leaves impelled 
to further growth immediately after their origin did not become developed in the 
usual manner into bud-scales, but assumed the form of ordinary foliage-leaves. 
The rudiments of foliage-leaves, which when the shoot is left to itself have their 
laminae arrested and develope their foliar base as bud-scales, here developed into 
normal foliage-leaves; and this because the development of the leaves of the mother- 
shoot formed in rudiment in the pre\ious year had been prevented early, by 
taking away or lopping the apex. Thus the nutritive materials necessary to the 
development of true foliage- leaves were able to reach these young leaf-rudiments, 
which, as a rule, develope as scales — or in other words, the growth of the foliage-: 
leaves of a shoot of Primus padus which is putting forth leaves revents the lateral 
shoots which simultaneously arise in the axils of its leaves from completing the 
development of their foliage -leaves also. This demonstrates the correlation of the 
■two, and the case is similar in many other plants. This was experimentally 
confirmed by Goebel in the case of the Horse-chestnut, and in Maples, Roses,' 
Syringas, and Oaks. Into GoebeFs more involved researches, and those made on 
plants which may be less known to the reader, we will not here enter. 

The complications which make their appearance in the experimental investiga- 
tion of the correlations of growth are chiefly due to the fact, that with the altered 
growth of an organ all its reactions towards the environment also become changed : 
this shows at the same tim^ as ^ stated in the first lectures, that the true physio- 
logical nature of an organ is to be sought not so much in its outward form and 
anatomically visible structure, as in its irritability or capability of reaction. Even 
in the first-named example of the potato, and in the substitution of the removed 
apex of the stem of trees, it is clear enough how, with the change of growth 
by means of interference with the correlations, the geotropism also — i. e. the 
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capability ot the organ to react towards gravitation—is eo modified ; and 
it maybe shown in other cases how by such interferences even the reaction 
to the action of light of the organ which is being modified becomes changed. 

From the small number of examples by which I have sought to illustrate the 
conception of correlation of growth, it is not to be concluded that we are here 
concerned only with incidental and isolated phenomena : on the contrary, we 
have every reason to believe that similar relations between the growth of any one 
organ and that of all the others of a plant, however difficult to detect, are very 
general. In animals, and especially the more highly organised species, a mutual 
correlation, in consequence of the sharply marked individuality, not only exists 
between all the organs (which, it is true, are all nourished by the same blood), but is 
also more easily intelligible than in the case of plants ; for from daily but superficial 
experience, the very common opinion has been formed that in plants every organ 
is formed and grows quite independently of the others. The possibility of raising 
new entire plants from cut-off pieces of leaves, shoot-axes, or roots, by the regene- 
ration of the missing organs, ^sily leads to the belief that no intimate mutual 
relation of the vegetable organs at all exists. But a deeper insight into the whole 
nature of vegetation leads to the opposite conclusion. In the plant also, it is true that 
every growing organ derives its constructive materials from the common store of 
nutriment which is collected and distributed in the tissues by the assimilation of the 
leaves, or has been deposited in quantities in the reservoirs of reserve-materials from 
a previous period of vegetation ; and it is obvious that when numerous different 
organs are simultaneously drawing their materials for growth from the common store, 
one may take what the other needs, and it may happen, as for example the experi- 
ment of Prunus padus cited above teaches, that through the growth of a shoot the 
simultaneous growth of its lateral buds may be prevented. Above all, from this point 
of view, equivalent organs must be regarded as competitors at the common store 
of unsorted nutriment : the growth of a shoot will re-act especially on that of other 
shoots, the growth of a root chiefly on that of other roots; since it requires no 
proof that the mixtures of materials wffiich the shoots draw from the common store 
of nutriment of the plant differ in nature from those which afford the constructive 
materials of the roots. In the same way experience teaches that in the nutritive 
substances produced by assimilation and altered further by metabolism, peculiar 
mixtures of materials become differentiated from which the sexual organs and (in 
the Phanerogams) the flowers arise. If the first young flower-buds are removed 
from a plant, the usual result is that other much younger flower-buds, wflich would 
probably not have developed at all, begin to grow so much the more vigorously; or 
that flo^ver-buds, the rudiments of which are not yet formed, arise at places where 
they would not have arisen at all without the interference — a fact upon which the 
old knowledge of fruit-culture in part depends. If the flowers, foliage, shoots, and 
roots were constructed from the same mixtures of ^substances, it would not be 
obvious why the rempval of young flower-buds should not also call forth an 
invigorated growth of leaves and foots. The latter indeed occurs under certain 
circumstances, but only in consequence of further interdependencies which we 
cannot here follow further. Here also we are not further interested in ‘the question 
how we are to imagine the production chemically, as it were, of these various 
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organ»fomiing mixtures of substances. Considerations on this point ^ are found in 
my treatises ' On the Substa?ice mid Form of the Organs of Plants,^ and later, when 
we are concerned with reproduction, I shall probably find opportunity of taking up 
the subject again. Flere my intention is to mention only one of the most essential 
and important factors which co-operate in the correlation of growth, but by no 
means to assert that still other causes do not interfere and affect the matter. 
Above all there is one point to be insisted upon — that the various organs growlntg 
from the common nutritive material of the plant, and as competitors for that 
material, stand opposed to one another in a certain sense as enemies ; though^ 
on the other hand, it is to be noticed that the various organs, especially shoots and 
roots, afford support to one another by their functions, and are so far indispensable 
to one another. This latter is the case, however, as a rule, only when they are 
fully grown and completely developed for their specific function : a mature, fully 
grown foliage-leaf promotes the production of new foliage-shoots, because by means 
of its assimilation it affords new material for growth, and so forth. Considerations 
of this kind, however, would carry us into matters of which I have already treated in 
detail in the theory of nutrition. 

Again, it cannot be expected that all correlations of growth are so easy to 
demonstrate by experimental interference on the part of the observer, as in the 
cases considered above : on the contrary, causes may exist in the plant which lead 
the result of such experiments into paths quite different from those desired. How- 
ever, even without experimental interference we may, supported by what I have so 
far stated, obtain a deeper insight into very extensive correlations of the whole 
organisation of a plant. As one example I might especially quote the relations, 
repeatedly indicated in previous lectures, which exist between the properties of the 
chlorophyll and the whole external and internal organisation ; this is of such a kind 
that one may regard, without exaggeration, the whole relations of form in the 
vegetable kingdom, and particularly the very different aspect of plants in comparison 
with that of animals as depending on the properties and activities of chlorophyll In 
this of course we enter upon a province which extends far beyond that of the 
correlations of growth^shown above, but still, since the whole organisation of a 
plant is the result of its growth, we may nevertheless take into our present sphere of 
thought what follows. 

It is my intention to show somewhat more in detail, that, as a matter of fact, the 
most essential relations of organisation of the plant are causally determined by the 
properties of chlorophyll. 

We may start from the fact that the cells which contain chlorophyll are the only 
assimilatory organs of the plant, and that they alone are able to produce, from carbon 
dioxide and water, organic and organisable substance suitable for the growth of new 
organs, and that for this purpose they require those materials which can only be absorbed 
from the soil by means of the roots, the so-called ash-constituents, with which a 
nitrogenous compound, nitric acid, is associated for the purpose of forming proteids. 


^ SacVs ‘ Stoff und Form der PJtanzenorgcme^ (Arb. des bot. Inst, in Wzbg. B. II, H, 3, 1880, 
p. 452, and H. 4, 1882, p. 689). 
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Experience teaches that even a very thin layer of tissue containing chlorophyll 
completely uses up all those rays of light which effect assimilation. A thick layer of 
chlorophyll-tissue has therefore no meaning whatever : in fact it would be a waste 
of material in the plant. Accordingly, we find that everywhere in the vegetable 
kingdom only very thin layers of green assimilatory tissue come to be employed- 
layers of one or a few tenths of a millimeter thick — even when, as in the case of 
succulent plants, the leaves or soft shoot-axes are very thick and massive, in which 
cases the thin layer of green tissue lies as near as possible to the surface of the 
organ, in order the better to make use of the incident light. 

It is, on the contrary, of the greatest importance for energetic assimilation, or 
the production of substances capable of promoting growth, that the thin layers of 
green tissue should form surfaces as extensive as possible, if the construction of a 
vigorous growing plant is to be at all accomplished. 

These reflections then show why, as the organisation of the plant gradually 
approaches perfection from its first beginnings, it is above all necessary to produce 
organs which are very thin, and possess the largest possible surface of tissue containing 
chlorophyll. In the lower Algas this is attained by their assuming the form of thin 
and long hair-like filaments, or else that of thin fiat lamellae, so that in both cases the 
wolume of the body remains very small, as compared wuth its surface. These two 
forms, where the entire plant is thin and filamentous, and usually much branched, 
or else flat and leaf-like, is found again not merely among the highly-organised 
Algae, but also among the Mosses, and even in some Vascular plants — such as the 
leafless shrubs Psiloium., Spariitim^ and others. Here the principle is ever main- 
tained that only a very thin peripheral layer of assimilatory tissue, accessible to the 
light, exists. But the purpose mentioned is attained much more completely when 
the shoots become differentiated into leaves and axial portions, as is the tendency 
frequently enough even among the Algae, and almost universally among the Mosses 
and Vascular plants. By this means it is possible for the shoot-system to present to 
the light (and thus to the nutritive process) a large number of thin lamellae containing 
chlorophyll and at suitable distances from one another; and only with such a 
differentiation into a support (shoot-axis) and lamellae containing chlorophyll (leaves) 
springing from it, does vegetation in general attain to its high^ stages of organisation, 
and especially to the massive forms inhabiting the dry land, as known to us in the 
large Ferns, Palms, Conifers, Forest trees and dicotyledonous shrubs. How 
otherwise could the problem be solved so to construct and support a sheet of 
assimilatory tissue scarcely 0-2 — 0*3 mm. thick and often h any square meters in 
area, such as is met with in the crown of a Beech or an Oak with its thousands of 
leaves, or in the few but large leaves of a Banana or Palm ? If we imagine a plant, 
for instance, of such a kind as Mm'chaniia^ where the green shoot itself bears the 
thin sheet of assimilatory tissue, as large and heavy as a huge Palm or Oak, then it is 
obvious what a monstrous organisation we should have, and how contradictory it 
would be to the higher types of the vegetable kingdom. Of course leaves are 
wanting to plants like the Cacti also : they are satisfied with a thin layer of 
chlorophyll at the periphery of the thick shoot, and hence their increase in organic 
mass is relatively very slow ; and, what is perhaps more remarkable? their leafless 
green shoot-axes- assume, even frequently, forms similar to those of leaves— -e.g. 
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' PhyUocacim, many species of Optmita^ ko. This occurs in a still higher degree in 
shrubby plants furnished with Ciadodes, as Rmms^ Fhyliantktis, &c. 

The vegetable kingdonij so far as it is self-nourished by means of green tissue, is 
solely and entirely, so far as form is concerned, ruled by the principle of developing 
on relatively thin supports, or shoot-axes, the greatest possible number of green 
organs with the thinnest and largest surface possible. The exceedingly graceful 
growth of plants which contain chlorophyll, so familiar to all, is thus due simply to 
their containing chlorophyll, because the activity of the assimilating parenchyma only 
comes into full effect in this case. The contrast presents itself to us at once in the 
case of plants devoid of chlorophyll, the fructifications of Fungi, and parasitic and 
saprophytic Phanerogams. It is simply the want of chlorophyli which here makes 
altogether superfluous the extension of the surface in the form of large leaves ; the 
body of the plant is therefore developed chiefly as shoot-axes and appears naked, 
stout, massive, and ungraceful. To them also, as to all and even highly organised 
water-plants, the formation of true wood is wanting, because they do not need it : 
since in plants devoid of chlorophyll (which moreover never attain to the size and 
massiveness of a tree, or even of a large shrub, but usually remain small and incon- 
spicuous) the want of large leaf-surfaces also entails that of organs of transpiration, 
and thus the current of water flowing in woody plants from the root to the leaf- 
crown is dispensed with — they do not require wood because they possess no leaves 
containing chlorophyll. Moreover, true water-plants are devoid of wood for 
physiological reasons ; it is true they often possess very large leaf-surfaces, but these 
are submerged, or they float on the surface of the water, and can themselves take up 
from the environment the water which they require, and thus do not need an active 
current of water coming from the roots. We may thus say simply that the fofmation 
of wood and (as must be added from what has been previously stated) the formation 
of numerous thick strands of sclerenchyma is due to the fact that the shoot-axes 
of terrestrial plants are elevated above the soil, extend their leaf-surfaces to the air 
and to the light, and find in the lignified tissues of the stems and branches not only 
elastic and rigid supports, but at the same time the organs which convey to them 
from the roots water provided wdth nutritive materials. I have already attempted to 
make clear by what arrangements the current of water ascending in the wood is 
conveyed directly into the transpiring green leaves, and how, by means of the 
venation or distribution of the vascular bundles in these, this water flows into 
thousands of fine canals, from which the chlorophyll-cells of the leaves take up their 
nutrient water. I have already shown, moreover (p. 50), how as the size of the 
leaf-area increases, and thus the extent of the chlorophyll-tissue, the additional and 
important function falls to the venation of keeping the exceedingly thin lamella of the 
leaf extended flat, and at the same time of protecting it from lateral rupture. 

This consideration, which it is true only brings out the more obvious 
features of the organisation of plants, is always* traversed by the thought — a guiding 
thread as it were — that all these arrangements are intelligible and full of purpose 
only because the plants concerned are nourished by the chlorophyll under the 
influence of light. 

If however we turn again to the current of water ascending in the wood and 
distributing itself in the veins of the leaves, we know already that it has fundamentally 
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only the one purpose of conveying the nutritive substances of the soil to the 
assimilating tissue. But these substances are dissolved in very large quantities of 
water taken up by the roots in the soil, and I have previously shown in detail what 
difficulties the roots of terrestrial plants have to struggle with in order to obtain 
these large quantities of water from a soil which is scarcely moist, and that they are 
even compelled first to dissolve a portion of the nutritive materials by means of their 
innumerable root-hairs, in order to transfer it to the current of sap. The roots, 
however, are only adapted for this function when they in their turn obtain not only 
the necessary surface, but also a sufficient- number of points of contact with the 
particles of the soil. The former is attained in the first place by the great length 
which the totality of all the root-fibres and their ramifications reach in the soil ; by 
means of this development in length, and the usually very small diameter of the 
absorbing roots, a relatively large surface extension is already attained, but this is 
supplemented in an exceedingly advantageous manner by the production of the 
multitudinous root-hairs, and their continual new formation behind the forward- 
growing apex of the root. All these properties of the roots, which have already 
been referred to in the lectures on Organography, are developed only in terrestrial 
plants which contain chlorophyll : these alone need a root-system so extensive and 
so organised. We must again perceive that it is to the properties of the chlorophyll 
and its nutritive activity that the organisation of the roots of terrestrial plants is 
due. Land-plants devoid of chlorophyll, since they need no transpiration-current, 
also possess but few roots, and these are short and for the most part thick: 
water-plants on the contrary are again, for another reason, spared the trouble of 
developing an extensive root-system ; since they are in a position to take up water 
and nutritive materials at the whole of their surface, or, if the leaves float, at least 
at their lower surface, no root-system whatever is needed, or at any rate only an 
accessory one, to maintain the nutritive activity of the chlorophyll. In AIgse, and 
even in some aquatic Phanerogams, the roots are chiefly or it may be exclusively 
organs of attachment to fix the plant in its position, thus again contributing to keep 
those parts of the plant wffiich contain chlorophyll in such a position that they 
can assimilate under the influence of the light. 

Evidently the relations of organisation which are merely sketched here, have 
arisen by correlations in the progressive development of the vegetable kingdom ; and 
in fact we can see up to a certain point how this has come to pass, so that the 
better the chlorophyll-tissue was able to extend itself to the light in thin broad 
sheets, the more capable it would be of producing large quantities of vegetable 
substance, which would provide the material for the formation of the huge masses of 
wood; and on the other hand we know that the more complete aeration of 
the soil as the roots of the land-plants need it, directly and essentially contributes 
to promote the lengthening and branching of the roots. In proportion as this 
occurs, the roots in the earth are also able to transmit larger quantities of nutritive 
water to the chlorophyll, which in its turn produces the material not only for the 
conducting w'ood-body but also for the growth of the root. 

We can, however, adduce numerous other relations of organisation as necessary 
correlates of the activity of chlorophyll. The Geotropism of the roots as well as 
that of the shoot-axes serves (as does also the heliotropic sensitiveness of the latter 
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and of. the leaves) above all to bring those parts of the . shoot which : contain chloro- 
phyll into a position favourable for their illumination, and the root-fibres into one 
suitable for their activity. In many cases, as with twining plants and those which 
climb by .means of tendrils., peculiar relations of organisation are develtoped in order 
to bring the assimilating leaves into the light in spite of the hict that the shoot- 
axes are thin and feeble : in the same way, the numerous leaves endowed with 
so-called sleep-movements are always so organised and s6 react towards the light, 
that they present their surfaces to it at the beginning of the day, and when the 
light becomes too strong turn themselves so that the rays meet them at small 
angles, and are thus rendered harmless. It is obvious that these irritabilities 
also have meaning and purpose only in so far as it is important to bring the 
assimilating organs containing chlorophyll into the most favourable position possible 
for illumination. 

Even these correlations, , 'which, as already mentioned, must have made their 
appearance in the course of the progressive development of the vegetable kingdom, 
may be at least in part subjected to experimental control, and indeed every-day 
experiences in the cultivation of plants confirm the above conclusions. Here is one 
example only. If a Tobacco-plant, or a Ricinus, or a Sunflower, &c,,, is allowed to 
develope in the open and in good soil, there is formed in the course of 100-120 
days a powerful stem, occasionally as thick as the arm, with numerous very large 
leaves and an enormous root-system. If, on the other hand, we cultivate such 
a plant in a flower-pot filled with three litres or so of the best garden soil, the plant 
in its pot standing in the open and being even watered two or three times daily with 
proper solutions of nutritive substances, we obtain in 100-120 clays a stem of the 
thickness of a finger, and a total leaf-area which amounts to scarcely a fifth or a sixth 
of that in the previous , case, and, shortly, a small insignificant plant, in spite of 
all the artificial supply of nutriment at the roots, and in spite of the bright 
illumination of the leaves. But the cause exists in the limitation of the space for 
the roots in the flower-pot : it is true any one unacquainted with the matter is 
astounded at the apparently very large quantity of roots in the ball of earth lifted out 
of the pot, but as a matter of fact this is extremely small in comparison with the 
rooting of a similar plant in the open land. Moreover the roots are unfavourably 
situated: they are all crowded together, with their growing ends and the parts 
specially adapted for the absorption of food materials close to the inside of the pot, 
and there forming a dense felt work all round, which not only hinder^ further growth 
and branching, but also completely excludes most of the roots from the soil in the 
pot, and even makes impossible the proper employment of the nutritive solutions 
with which they have been watered. The result of this inefficient growth of the 
roots is a diminished supply of nutritive materials in the assimilating leaves, in 
consequence of which their activity remains insignificant, and this again affects the 
formation of wood in the stem. 

In this case the pernicious correlation proceeded from the roots ; but it may start 
from the leaves also (even though the roots are fully developed in the earth), when 
they are so feebly illuminated that assimilation, although not entirely prevented, is 
reduced to a minimum,.- Together with a somewhat abnormal aspect of the plant in 
other respects also, it is then especially found that the stem remains thin, forms but 
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little wood,' and that this wood is soft. The stem of such a shaded plant may be 
easily cut through with a pocket-knife, though this is not the case with a normally 
grown plant of the kind mentioned above, on account of the hardness of the wood. 
I have already mentioned in a previous lecture and in another connection that the 
so-called laying of wheat when it grows too rank is due to the shading of the lower 

joints of the haulm, and its deficiency in sclerenchyma. 

We have already become acquainted with a particularly fine and instructive 
example of the influence of chlorophyll on the \vhole mode of growth of a plant, in our 
previous considerations on the nutrition of the Lichens. We found that the Lichens 
are true Fungi (Ascomycetes) and nevertheless their bodies have in general forms 
quite different from those of all other Fungi, All that appears above the substratum 
in the case of ordinary Fungi is usually a fructification* the Lichens on the contrary 
are developed entirely outside the substratum, or they send their root-hairs only into 
it. The body of the Lichen, instead of showing a tendency to the formation of 
thick fleshy or even woody masses, as other Fungi, assumes either the form of 
thin leaf-like expansions, or bands, or thin much-branched shrubby structures. 
In other words, the tendency prevails among the Lichens to assume the form of 
ordinary plants with flat extensions or branched filiform structures, and this, as I 
have already said, is solely in consequence of the fact that the tissue of the Lichen- 
fungus encloses Alg^, which contain chlorophyll and look as if they constituted 
a normal anatomical constituent of its tissue. This, however, is equivalent to 
saying that since these chlorophyll-cells are simply for the purpose of assimilating 
they must be presented to the light in thin but relatively extensive surfaces, and 
this is accomplished in the case of the foliaceous Lichens just as in ordinary 
foliage-leaves, and in the fruticose Lichens just as with leafless shrubs, where the 
assimilating tissue is situated in the external cortex. If the correlation bet^veen 
chlorophyll and the whole growth of a plant comes out clearly at all, it is certainly 
in the comparison of the forms of Lichens with those of the bodies of other Fungi. 
Here we have to a certain extent the test for what I have said concerning the 
correlation between chlorophyll and the configuration of the plant generally. 
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INFLUENCES OF THE ENVIRONMENT ON THE PROCESSES OF 
CONFIGURATION IN THE PLANT. 


We are now acquainted with a considerable number of cases w^here, by 
means of external influences, and particularly those of Gravitation, Light, Pressure, 
and by stimuli due to animals or plants, processes of growth are modified or are 
even induced ; this however not simply in the sense of accelerating or retarding 
the increase in volume — on the contrary, I have here in view the processes 
of configuration itself, the production of new growing points and their embryonic 
outgrowths, and further extensive qualitative alterations of organs already existing 
in a young state, by means of external influences. 

The processes to be described have to be regarded as phenomena of irritability 
in the growing parts of plants; since, as has already been incidentally men- 
tioned, phenomena of irritability in general are fundamentally nothing but specifi- 
cally peculiar reactions of the organism towards external stimuli, and it is just 
the cases which are to be considered here which belong to this category. The 
province of the phenomena of irritability, however, is so extensive that, properly 
put, the whole of physiology is everywhere and always concerned with it, so 
that in fact physiology might simply be designated the science of the phenomena 
of irritability. But it is exactly on this account that I wish to bring foiwvard the facts 
to be described here particularly and by themselves, apart from the endless number 
of phenomena of irritability, and not to put them off to the subsequent and more 
detailed consideration of the induced movements, because they contribute in an 
important manner to render our insight into the nature of the growth of plants more 
profound. 

Until quite recently the opinion has been retained, dating from times imme- 
morial in the period of the development of human thought, that organic forms are 
something fixed and unalterable from all eternity, and thus removed from the region 
of causality; and with reference to this mode of viewing the matter it is probably 
worth while to convince ourselves, by taking a few well marked cases more 
closely into consideration, of the fact that incidental external stimuli are able to 
aid in determining the processes of configuration in organisms in very definite 
ways. This old mode • of representing matters is of course now opposed by 
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the theory of descent, according to which, organic forms are by no means fixed 
from the beginning and simply copies of purely ideal types (Platonic ideas) : on 
the contrary, the theory of descent states that every organic form is the result 
of a historical process, in which the co-operation of two factors— the transmission 
of peculiarities already acquired, and frequent small deviations from these, or varia- 
tion — appear as causes of organic form. Of course there lies in this view the 
recognition of a creation in time of organic forms, but it leaves the forces therein con- 
cerned still ill the main undetermined. The theory of descent demands in the first 
place only the recognition of the fact that in the course of time organic forms have 
been produced by some concatenation of causes ; it leaves to us, however, the 
responsibility of the answer to the question what forces have been effective in 
determining the production of organic forms in any given case. Some, to be 
sure, imagine that heredity and variation are such forces ; but they forget that these 
terms are simply words for facts which are not understood, and that heredity and 
variation are not forces in the sense of Science in general — i. e. they are not causes 
of motion. 

I premise these general considerations however, only with a view of throwing 
light upon the apparently insignificant and trivial matters with which we are here to 
be concerned, and to make their significance clear from a general point of view. 
So much is it at any rate obvious, that, the processes of configuration in the vegetable 
kingdom which are connected with growth, result from the co-operation of two 
factors, the one of which lies in the quality of the organic material itself which 
is capable of configuration, while the other factor exists in the continuous influence 
of universally co-operating cosmic forces, or in occasional accidental stimuli. To 
employ an illustrative example taken from inorganic nature, I may remind the 
reader how it depends on the physical nature of water that it becomes solidified in 
hexagonal columns at low temperatures. In this capability the original nature of 
the water is expressed; but it then depends upon accidental external circumstances 
whether these hexagonal columns arrange themselves into a solid lump of ice, 
apparently without any internal structure, or whether w’e have innumerable hninute 
hexagonal ice-crystals joined together on a window pane in the most various forms, as 
so called ice-flowers, the growth of which depends upon differences in the external 
conditions. As in this case, the organisable substance of the plant also seems to be 
subject to certain unalterable formative forces, which however, under the influence 
of accidental external causes, may experience the most different combinations and 
variations. 

Proceeding now to a somewhat detailed description of some of the most interesting 
observations appertaining here, it will be advisable to divide them into two groups, of 
which the first comprises those cases w^here it is a matter of the origin of growing- 
points, or of the influence of external forces on the formation of organs on these, 
whereas a second group presents phenomena which are called forth by the influence 
of external forces on post-embryonic growth, 

I. External influences on embryonic configuration. ^ 1 may here in the first 
instance describe a case where, by the influence of an external force, gravitation, 
the place at which the growing-points of new shoots are formed, is determined. 

Thladianiha duhia belongs to the Cucumber family, and produces on its very 
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long and thin root-fibres subterranean tubers.. of a size varying betwee,ii that. of a 
Hazel-nut and. that of a medium-sized Potato; These tubers are swellings of the 
thin , root-fibres, and the growth in length of the latter is not iiite.rrupted by their 
formation. Consequently we find in the -middle of a root-fibre .1-2 metres, long, 
one to three tuberous swellings, the transverse section of each being approKimately 
quad,rangular, with rounded corners ; the tubers are thus four-sided prisms, and 
usually lie in the soil in such a manner that one of the flat sides is uppermost, and 
the other turned downw-ards. In Autumn, the plant together with its root-fibres 
perishes, and only the tuberous sw^ellings of the latter persist in the soil through the 
Winter. In April w-e find on these, numerous thin root-fibres proceeding from all 
sides, as w-eli as young shoots 1-2 cm. in length : it is with the latter we are here 
concerned. If the tuber lies horizontally in the earth, all the shoot-buds arise on 
the upper side : if, on the contrary, the acroscopic end of the tuber (i. e. the end 
directed towards the apex of the root) is directed upwmds they are all situated on this, 
around the point w’hence the root-fibre continued its grow^th. To me this fact leaves 
no doubt that we are here concerned with an effect of gravitation on the production 
of the growing points of the shoots, since light was excluded, the object remaining 
underground. It should also be mentioned, however, that in all cases the shoot- 
buds arising from the tuber, are more crowded tow^ards its acroscopic end. A large 
number of experiments ^ w^hich I made with the tubers of Thladianiha duhia, yielded 
distinctly the result that the shoot-buds are formed exclusively on that side of the 
tuber which lies uppermost (towards the zenith) during their development, and that, 
moreover, in virtue of an internal disposition the acroscopic end of the tuber is 
preferred in the formation of buds, Here, therefore, are two different causes 
w^orking together, and determining the place of origin of the adventitious growing- 
points of shoots — internal causes bring it about that the end of the tuber situated 
towards the apex of the root is especially qualified for the formation of buds, W'hile 
at the same time the influence of gravitation determines that the buds arise on the 
side of the tuber which is turned aw’ay from the centre of the earth. 

Not less instructive are my observations on the genus Opmiiia^ one of the 
best known forms of Cactus. In Opuniia ficus Indica and O. crassaj with which 
I experimented, the sub- aerial vegetative body consists of elongated flattened 
segments of the shoot-axis, on which the positions of the suppressed leaves 
are indicated only by tufts of prickles. Under normal conditions of vegetation, 
new flattened segments arise chiefly from the apex of the segments wfliich then 
happen to be uppermost, and especially from their margins or angles, the angles 
directed upwards being ahvays preferred in the process. It is easy to see that 
an impulse exists in the plant -which leads to the appearance of new shoots 
above, and at the same time ‘preferably at the narrow angles of the flat segments : 
it is only extremely rarely that a new shoot makes its appearance on the flat 
broad side of an old segment. . The tendency for new^ shoots to appear chiefly at 
the apical portions of the older ones, is in fact very common in plants generally, but 


^ More details as to the behaviour here described of the root-tubers of Thlcidi(X7itka ^//^/^rand 
of the shoot segments of Opmitia are found in my treatise ' Uber Staff und Form der Pfiauzen- 
arcane' Arb. des bot. Inst, in Wzbg. B, 11 , 1882, p. 698, ■ 
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in tiiis case experiment teaches that it is an effect of gravitation. In the first place, we 
have sometuiies an opportunity of observing in gardens where Opuntias are cultivated 
the case represented in Fig. 337 a. This figure shows a very large shoot-segment of 
the plant, /, which has given rise in the usual manner on the right and left angles to 
the lateral segments marked II. After the production of the latter, the segment / 
had accidentally bent over at its apex, so that one of its flat sides was turned down- 
wards and the other almost horizontal and facing upwards. When new segments 
began to shoot forth in the next spring, they appeared not exactly at the angles of /, 
but rather more on the uppermost surface of the segment, but nevertheless not far 



from its two margins, as shown at Him the figure. Only in the following year did 
a further shoot /F arise, quite independent of the two lateral angles, on the up-turned 
surface of the mother-segment. It thus required two years to overcome the tendency 
to form shoots at the angles, through the influence of gravity, and perhaps with 
the co-operation of light, so that the shoot IV could arise at the mitldle of the 
upper side of the shoot I. To see how far the relations of configuration of this plant 
are^subject to external influences, however^ it is first necessary to know that the two- 
edged flat form of the shoot-segments is in its turn due to illumination, since the 
segments of Opimtia assume this flat two-edged form only under the influence of light, 


GRAVrrATlON:. AS DETERMINING-- THE :POSrriON OF OFFSHOOTS. ■ 519 

whereas they become more or less cylindrical or prismatic %vheri grown in the dark. 
That the normal offshoots thus arise from the margins is an indirect consequence of 
light ; that they arise chiefly from the upper surface of the existing segments is a 
direct effect of gravitation, which can in its turn conquer the p)receding inOiiencc of 
the light if the segment which produces the new shoots assumes the [iropcr |)osition. 
We may easily convince ourselves also by means of an experiment, that the places 
of origin of new growing-points are actually dependent on the influence of 
gravitation, as illustrated in Fig; 338. A plant which already consisted of the 
segments /, //, III, and growing in the pot €, \vas placed in an inverted position on 
an iron support a, in such a manner that the plant was directed downwards and the 
pot c upwards, the falling out of the soil being prevented by the interposition of the 
divided cover b. The experiment began immediately after the formation of a new 
growing-point at the apex of the 
plant, and this growing-point w^as 
cut off. In the next few weeks 
were then produced five new^ grow- 
ing-points, from wfliich the shoots 
marked 1-5 in the figure developed. 

The origin of the shoots i, 2, and 3 
from the segments II and III sim- 
ply present nothing surprising, since 
they arise at the apical portion of 
the plant. That the segments 4 
and 5 however have arisen also 
from the old basal segment 7 , 
proves that here, in consequence of ' 
the inversion, an effect of gravitation 
has made itself evident: the shoot- 
forming substances which previously 
streamed towards the apex have now 
gone back, in part at least, upwards 
into the segments II and /, to pro- 
duce the shoots 4 and 5 , which in Fig. fiats indica. 

the normal position of the plant 

would certainly not have happened. But the places of origin not merely oi 
the shoots but also those of the roots are determined in Opuniia by external 
forces, and probably chiefly by gravitation. In experiments to elucidate this, how- 
ever, difficulties are met with arising from the fact that the plant was previously 
growing in its ordinary normal position, and a strong predisposition thus induced. 
On cutting off vigorous Opuntia segments and then placing them with their 
basal ends in the soil of a pot, and leaving them in the same position as in 
Fig. 338, there appear, within a few weeks, from the basal ends (now turned up- 
ward) of the segments, vigorous and much-branched roots which fill the Soil of 
the pot. In this is expressed the tendency of the root-forming substance to be 
driven to the basal end even when this is turned upwards; though here the 
moisture and darkness surrounding the basal end co-operate as favourable factors- 
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If however cut-off segments of 0pu7iiia are set with the apical end (a piece of which 
has been cut off transversely) in the soil, in such a manner that the basal end is again 
turned upwards but projects into the air, two to five months pass by before any 
roots make their appearance from the apical end of the shoot segment, thus 
directed downwards. We may explain the result of this experiment by the assumption 
that root-forming substance exists in the shoot-segments of the Optmiia^hMl that in 
the normal position of the plant it always seeks to move in the direction of the base, 
in order to strengthen the subterranean root-system of the plant. By this is produced 
a predisposition in the tissue of the shoot-segments which facilitates the movement 
of the root-building substance towards the base, whence is explained that also in 
inverted shoot-segments — but with the base planted in the soil— new roots are pro- 
duced rapidly and vigorously at the basal end. If on the contrary the apical end of 
the shoot-segment is planted in the soil, and at the same time turned downwards, it 
requires a long time before the root-forming substance is able, in opposition to the 
previous predisposition and in obedience to gravitation, to make its appearance at 
the apical end in the form of roots. That this happens at .all in the present 
case is essentially aided by the additional influence of darkness and moisture, which 
promote the formation of roots at the planted apical end. 

In the experiments last quoted we have to do in the main with the reproduction 
of organs on separated portions of plants, concerning which numerous experiments 
have for a long time been to hand, and which have been recently investigated by 
Voechting but in part incorrectly explained. Practical gardening has known fiom of 
old the fact that it is possible to obtain new plants from even’ small portions of older 
ones, roots and shoot-buds being formed on them. For this purpose it is usual to lay 
the cut-off pieces in moist sand or soil; for scientific purposes, however, it is often 
better, as Voechting did, to suspend the separated portions in moist air, in order to 
attain an equable environment favourable to growth. If these cut-off pieces of the 
shoot-axes of woody or herbaceous plants are suspended in a horizontal or vertical 
position, the usual result is that roots arise from their basal ends, and shoot-buds 
from their acroscopic or apical ends — from which however the true apex has been 
cut off. As a rule the behaviour is the reverse in the regeneration of cut-off pieces 
of root ; here the tendency prevails' to produce shoot-buds at the basal end, and 
roots at the acropetal end — i.e. the end turned towards the growing-point. 
Finally, if the same experiments are made with cut-off leaves, buds and roots arise 
at the base of the cut-off petiole, the buds usually being turned upwards, the roots 
downwards. Voechting has attempted to bring the results of numerous experiments 
in this direction which he has made under a general expression, intended to mark 
everywhere a distinction between what he terms the apex and the base of the re- 
generating organ. It is obvious, however, that in this sense the facts shortly referred 
to above cannot be collated at all. According to my view, on the contrary, it is easy 
to get at the heart of the matter if we proceed from certain allowable assumptions, and 
keep in view the immediate effective causes which determine that roots and shoots must 
arise at definite spots on cut-off parts of plants. In fact, as I have clearly shown in 


^ Voechting, ^Uber Organbildimg im Pflanzenreick^ ’Eomx, 1878, Compare my reply in the 
treatise quoted in note I (p. 517), 
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detail in my treatises on ^Sioffund Form der Fflanzeniheile two causes, which, usually 
co-operate, come into consideration here : on the one hand it is to be noticed that 
the substances for the formation of organs (apart from geriniiial stages where they 
proceed from the reservoirs of reserve-material) are produced iri, the foliage leaves by 
assimilation, and pass out thence into other parts of the plant* So long as a vigorous 
main bud of the shoot is present, mixtures of substances suited chiehy for the 
formation of shoots pass into it from the leaves, whereas the substances fitted for the 
formation of roots flow in the opposite direction, into the roots which already exist. 
If then a portion of the shoot-axis is cut off and kept in a moist warm environment, 
the substances suitable for the formation of shoots which are already present in it 
will, as heretofore, move in the acropetal direction, and those which form roots, on the 
contrary, in the basipetal one — i. e. the shoot-buds will make their appearance on a 
cut-oif piece of stem at the apical end, the young roots at the basal end. Exactly the 
reverse must take place, however, in the regeneration occurring in a cut-off piece of an 
old root: since here the root-forming substance is in continual movement towards 
the apex, the roots produced by regeneration will arise at the acropetal end, and if 
iny bud-forming substance at all has reached the roots it may come forth at the 
basal end of the piece of root, if the second external cause to be mentioned hereafter 
co-operates. That roots as well as shoot-buds appear at the basal end of a cut-off leaf 
is explained, according to this view of the matter, simply by supposing that during 
the assimilatory activity of the leaf, and in accordance with its normal function, 
shoot-forming as ^vell as root-forming substances are continually passing from the 
leaf through the petiole into the shoot-axis. If then the petiole is cut off, this customary 
movement proceeds no further, being, as in the case of cut-off pieces in general, to a 
certain extent checked at the section, and buds as, well as roots will grow out from 
the petiole near the section. These considerations then show that effective causes 
are given in the organisation and vital activity of the plant itself by which the places 
of origin of new roots and shoots are determined, 

A second cause, however, has already become known to us in the examples 
quoted above; this is the influence of gravitation, which, so far as w^e are as yet 
informed, affects different plants in very different degrees, in that new shoot-buds 
arise more easily in cut-off portions on the ends directed upwards, new roots on 
those directed downwards. If we suspend a cut-off piece of a shoot-axis in moist air, 
with its basal end downwards, two influences are w'orking together to induce roots to 
arise at the latter, and at the same time to cause shoots to spring from the acropetal 
end. If, however, we give the cut-off piece the reverse position, with the acropetal end 
downwards, the two causes mentioned must work in the opposite way : the internal 
disposition in this case induces the formation of buds at the acropetal, lower end, 
while the influence of gravitation strives, so to speak, to draw the root-forming 
substance downwards, and to push up the shoot-forming substance to a correspond- 
ing extent, and thus bring about the opposed position of the new organs. It depends 
now entirely and simply upon the reactive capacity of the plant concerned, whether 


^ That in regeneration occurring in cut-off parts of plants an internal disposition depending on 
the organisation of the plant co-operates with a direct effect of gravitation and other forces, I have 
shown in detail in Arb. des hot. Inst, B. II, pp. 691, &c. 
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and to what extent the influence of gravitation succeeds in affecting the position in 
relation to it of the new organs. 

Since, then, as Voechting had in part found, and as results definitely from my 
experiments on Thladiantha and Opuntia^ gravitation acts in such a way as to move 
the root-forming •substances downwards and the shoot-forming substances upwards, 
we must assume that this is the case not merely with cut-off pieces, but also with entire 
plants living and rooted in the soil; in this case, however, the internal disposition and 
the influence of gravitation work to the same end, at least in so far as plants with 
erect stems and down-turned roots are concerned* In accordance with this it is 
also the rule that in horizontal creeping or climbing shoots the formation of roots 
takes place on the axis progressively behind the terminal bud, on the underside of 
the shoot, and in such cases the illumination of the dorsal side of the shoot also 
evidently has for its effect that the roots make their appearance exclusively on the 
ventral or shaded side. 

Instructive examples to illustrate the fact that the light in many cases prevents 
the formation of the growing-points of roots upon the directly illuminated side of the 
shoot-axis, so that they only appear on the shaded side, may be afforded in the first 
place by the leaf-shoots of the Ivyh When these climb up on a wall, or on the stem 
® of a tree, the clinging roots necessary for climbing arise exclusively on the side turned 

towards the solid substratum : in this case, however, the active cause lies, not 
simply in the contact or pressure suffered by this side of the shoot-axis, but in the 
fact that it is turned from the light. The horizontal pendent shoots of the Ivy teach 
p; this directly: the anchoring roots here are always formed only on the side turned 

away from the light. But still more : it is. possible experimentally to cause shoots of 
Ivy to form aerial roots on what was hitherto the lighted or dorsal side, by illuminating 
them for some time on the side which was previously the ventral or shaded side. Fig. 
339 illustrates this in the case of an Ivy-shoot, the lower end of which was rooted in a 
flower-pot, and fastened upright to a rod. The arrows give the direction of the rays of 
light. At A we have the upper part of the shoot with what was hitherto its dorsal side 
turned towards the light, and bearing roots only on the side turned from the light ; at 
the same time the shoot-axis exhibits a negatively heliotropic curvature towards the 
shaded side, A shoot, together with its pot, was now placed at the windo-^ so that the 
side which bore roots hitherto was turned towards the light. The shoot now made in 
the first place the heliotropic curvature represented at C, opposed to the previous one, 
and then grew on horizontally : meanwhile new groups of aerial roots arose on the now 
horizontal and at the same time shaded side — the previously illuminated dorsal side. 
With many other dorsl-ventral shoots of course this reversal of ventral and dorsal side is 
not so easy as in the case of the Ivy, since all the influences of external forces here 
treated of are dependent upon the specific capacity for reaction of the particular plant. 

Another object resembling the Ivy in this connection was found by ¥oechting 
in the broad, two-winged, leafless shoot-axes of a cactus-like plant, Leptsmium 
radicanSj in which likewise each of the two flat sides is able to produce roots, 
but only when it is turned^ away from the source of light 

^ The properties of the Ivy shoot here referred to are described in detail in my treatise i/ber 
orthofrope und plagiotropc PJlimzentJieUe" {hxh, des hot. Inst. Wzbg. B. 11 , p. 257). 

lhat the formation of roots is promoted by the absence of light I have already insisted upon 
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So long ago as I 3 I described various examples showing that the, formalion 
of roots upon shoot-axes by darkening them, may be induced at spots '^\'here 
otherwise no roots arise : here however I need only mention ' Tropaoium nmjm 
(Indian Cress). If one of the long thin leafy shoots is bent down as it were into 
a depression of the surrounding garden soil, so as not to break it off and so that 
an apical portion of the shoot, some lo-ia cm. long, reiiiains upright, and, can be 
surrounded with damp soil, new roots arise after a few days all a, round the 
vertical piece of shoot-axis, while the older piece of the same shoot-axis, lying 
horizontally and likewise covered 
with earth, deveiopes roots exclu- 
sively on its low^er side. This ex- 
periment shows not only that the 
exclusion of light generally induces 
the development of roots on the 
shoot-axis, but the simultaneous 
influence of gravitation is here very 
clearly apparent also : the horizontally 
placed shoot-axis forms roots only 
on the lower side, the vertically up- 
right one on all sides. Of course 
in this experiment the grow^th of 
the new roots is promoted by the 
moisture of the surrounding soil. 

The cause of their first production, 
however, by no means resides in that, 
since the same result is obtained if a 
leaf-shoot of Tropmolum is directed 
into the dark cavity’ of an- opaque 
box without separating it from its 
parent plant, only in this case the 
new roots remain very short unless 
the air in the box is in some way 
kept moist artificially. 

These examples refer to the 
origin of new growing - points of 
roots on shoot-axes; but, in many 
cases, roots may arise in the trans- 
lucent tissue of sub-aerial shoot-axes, 

that is under the influence of light, although it may be feeble. Thus, in the 
creeping or climbing shoots of the Gourd-plant we find a rudimentary root to 
the right and left of each leaf, and similarly on those parts of the erect stem of the 
Maize plant which are about 10-12 cm, above the surface of the soil: here 
the roots come forth in large numbers in a crown above the Insertion of the leaf. 



Fig, 339.— Ivy-shoot Helix). A has been iHunhnafed ou the 

dorsal side for several days, B has undergone similar treatment on the 
ventral side. C a later stage of 


several times in my researches, ^Uher den Einjlttss des Tageslkhtes attf Neidnldnng iind Entjaltuug 
verschiedencr Pflanzenargane'^ (Bot, Zeigt. 1863, supplement; and the same, 1S65, pp. i ry, &c-). 
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111 both cases however they remain short; but it suffices to darken the parts mentioned 
to make them elongate. Of course this takes place much more energetically if the 
surrounding air is moist; or best if the parts of the stem concerned are surrounded 
with soil, by which means they are darkened and kept damp at the same time. 

Much more energetic than in the case of the highly organised vascular plants is the 
influence of gravitation, and still more so of light, on the formation of organs in the 
Muscine^ and other plants of simple structure. Since it is here possible to submit 
plants in the very earliest stages of development, as they proceed from the spores or 
gemmse, to a definite influence of external forces, the effect begins before the plant 
has yet had time to become organised in a manner unknown to the observer. It 
is thus possible to allow plants of this category to grow so that one can determine 

beforehand and arbitrarily the disposition 
of the organs one to another and towards 
external influences. One of the most 
interesting cases in this connection was 
first described by Leitgeb^ in the prothallia 
of Ferns. As is already known to the 
reader {p. 31) the germinating spore of a 
Fern does not give rise forthwith to a Fern 
again, but first to a plantlet of quite another 
form — the prothallium. The germinating 
spore first forms a germinal filament seg- 
mented by transverse walls, which subse- 
quently spreads out anteriorly, and at length 
grows into a very thin leaf-like flat lamella, 
which is deeply indented in front and 
consists of only one layer of cells contain- 
ing chlorophyll : later, however, it produces 
in the centre, behind the growing-point, 
a cushion, several cells in thickness, fx*om 
which the female organs of reproduction 
or archegonia arise in large numbers, 
while on the posterior portion of the la- 
mella, or at its margins, the male fertilising 
organs or antheridia arise. Previously to 
this, numerous cells at the hinder part of 
the prothallus have grown out into long 
root-hairs. The whole of this structure 
now is most distinctly dorsi-ventral : root- 
hairs, antheridia, and archegonia arise exclusively on the under side, if the prothallus 
grows on a horizontal substratum and is lighted from above in the usual way. 
Leitgeb has shown, now, that the dorsi-ventrality, as such, is in this case an effect of 
light, and in the growing parts of the prothallus may be reversed at will if what 
w^as hitherto the shaded side is illuminated, the sexual organs always being formed 



Fig. 340.-— Prothallus of a Fem (Osmumia reg-a/is) seen 
from below. « antheridia ; w root-hairs ; v growing-point 
(magnified). 


Leitgeb, ' Uher Bitateralitdt der Prothallienl m Flora, 1879, p. 317. 
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on the shaded side. Leitgeb demonstrated this highly important .fact very elegantly 
by sowing the spores of a Fern, Ceratopteris ihalicirouks (which, , moreover, grows in 
very wet places) on the surface of a clear nutritive solution, -where they produce 
floating prothallia. If the sowing is illuminated from above,. the..archeg.oriia .and 
root-hai.rs arise on the under side — the latter also from the margins— and both grow 
dowm into the liquid; if the illumination takes place from below, how'ever, the 
prothallia grow downAvard into the liquid, but become curved, as soon as they begin 
to develope the flattened surface, so that the latter is directed at right angles to the 
incident light. Here both the surfaces of the plate of tissue are in the water, and 
nevertheless the archegonia and roots are developed only on the side turned away 
from the light. Prantl has extended this experiment with the prothallia of other 
species, and varied it in many ways, with reference to which, however, I cannot 
here go more into details. I will only lay stress on one point, that not only the 
dorsi-ventrality but also the extension into a bilateral thin plate of tissue is deter- 
mined by the light, and that such a plant rendered bilateral and dorsi-ventral by the 
light also -places itself with its surfaces at right angles to the incident light 

Those Liverworts which consist of flat shoots behave also exactly like the 
prothallia; in them also, as Mirbel partly demonstrated with IMarchantia about fifty 
years ago^, the dorsi-ventral organisation and bilateral extension are induced by 
the light. The germination of the spores of Marchantia runs its course very 
much as in the case of the Ferns described above, and if they are sown on the 
surface of soil or damp turf, and care is taken that they are lighted from one 
side only, it is found that the young, approximately heart-shaped plantlets extend 
their surfaces all at right angles to the direction of the incident light, although 
their axes of growth may assume the most various positions. The root-hairs 
appear exclusively on the shaded side, the stomata only on the upper side. It 
is still easier to make use of the gemrase of Marchantia for experiments of this 
kind, for example by letting them float on an aqueous solution of nutritive 
substances in a transparent glass vessel; if the water is illuminated from below 
by means of a large mirror (for which hoAvever very intense light must be 
employed) while the upper side of the vessel is covered with an opaque lid, the 
geinmse grow in the usual manner, and produce broad ribbon-like shoots floating 
on the surface of the Avater, which develope their root-hairs chiefly upAvards and 
aAvay from the light, and their stomata on the under side which is turned tOAvards 
the light. The Avhole significance of this action of light is only apprehended 
however on noticing (see Fig. 341, AA^hich represents a piece of a transverse section 
at the margin of a shoot) that the structure here concerned consists of several 
layers of cells, the relations of growth of which are very complicated, and 
that the AAdiole of the organisation, represented in the figure in outline only, can 
be brought by the influence of the light into a completely inverted position. If 
the Fig. 341 for example is supposed to be illuminated from below, the picture 

1 Mirbel’s statements occur in his celebrated work, ^Rechcrchesmmiomiqmsetphyswlogiques 
stir le Mar chantict poly tnorpha^ (Mem.de Pacad. ,d. scienc. de rinstitnt de France, 1835)* ihese 
important statements of Mirbel’s remained unnoticed till I induced Pfeffer in .1870 to test them, and 
where possible to study the phenomena more closely. The latter published his results in the ^ Ark 
des hot. Inst, in Wzbgl B. I, p. 77. 
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itself must be completely reversed, i. e. the side marked would become the 
lower side. It is to be mentioned moreover that the Marchantia shoot produces 
on the under or shaded side two series of membranous leaves near its middle 
line, and very numerous root-hairs. That it is possible to shape this shoot at 
will during continuous illumination from one side so that its organic light-side 
is' turned downwards or upwards, forwards or backwards, is greatly owing to 



li 


FIG. 341. — Vertical section- through the lateral portion of a flat shoot of MarcJtajtita poly 7 m 7 ‘pha. ^ epidermis 
of upper, 7( of lower side ; ^ colourless parenchyma of lower side ; chi assimilatory cells containing chlorophyll ; sp 
stoma ; s s boundaiy between two areolae 

the circumstance that neither the spores nor the gemmae from which the shoots 
arise are differentiated dorsi-ventrally. Thus with the beginning of the growth of 
the new shoot the influence of the light upon it can come into effect at once, 
without being modified by previous influences. In this connection the gemmae 
of Marchantia have already been investigated. They arise from papillae in small 
cup-shaped receptacles on the light side of older shoots, and constitute later 
approximately lenticular bodies, the two convex sides of which are organised quite 
alike and are sensitive to external influences in exactly similar degree. As shown 
on the transverse section (Fig. 342) through such a gemma, certain cells a exist 



Fig, 342.— Vertical section of a ripe gemma of carried through the two growing-points. « hyaline 

cells which develop into root-hairs ; b cell filled with peculiar contents ; d wing of recess in which the growing-points 
^ are situated (X 165). 

on both the convex sides, which are destined, according to circumstances in each 
case, to grow out into root-hairs ; if both the surfaces of the gemma are equally 
illuminated those grow out which are able to follow directly the influence of 
gravitation, i.e. those of the lower side, whereas those of the upper side are 
prevented from developing. The influence of the light however is stronger than 
that of gravitation, since, as Zimmermann has shown if the lower surface is 
illuminated it is chiefly the roots of the shaded upper side which develope. 

‘ On this point cf. Zimmermann, ' Uber die Einwirkuitg dcs LichUs attf den Marchantien- 
(Arb. des hot. Inst, in Wzbg. B. II, p. 665). ; 


LIGHT AND GRAVXTA TIOhU-, AND . DORSD VENTRAL STRUCTURE, 

Moreover, a branch - system consistmg .. of . siiiiple cell-filamcnts can also 
behave, towards the light, like the flat shoot of Marchantia, which consists of 
continuous tissue. If the spores of -one of our commonest I\fosses, Fiman)! 
hygromeinca, are sown on a brick-shaped piece of damp turf which is artificially 
saturated wdth nutritive substances, and care is taken that the light for weeks and 
months always falls only on the same side, there is developed from the spores 
the protonema, Fig. 343, already described above (p. 30) ; llie filaments of the 
primary shoot of this creep on the turf like rhizomes, putting forth roots below and 
producing on their upper side erect branched filaments containing chtoroplijll, from 
which again secondary and tertiary lateral shoots arise. It is shown now that 
these upright branch-systems become extended in a plane at right angles to the 
incident light, and I have carefully convinced myself, of the fact that this is due 
not simply to heliotropic curvatures and torsions, but that the bi-serially arranged 
offshoots come forth from their parent axes strictly right and left. In other 



Fig. 343. — Protonema of Fnnaria hygrometrica, h a creeping: main shoot, from which arise tiie lateral shoots, 
containing- chlorophyll and branched in two series. K a bud which wnll develope into a Moss plant ; w its first root, 

words, the light in this case causes the growing points of the lateral shoots to 
arise only on the flanks of the mother-shoots, if these are always illuminated from 
one side k 

Supposing now that the lateral shoots Which arise from the fllament in 
the figure, stand so close together as to be everywhere in contact, we should 
then obtain a leaf-like surface of tissue developed at right angles to the incident 
light. So it is how^ever as a matter of fact with the flat shoots of Marchantia, 
and with those of the Opuntia j they become narrow and filamentous in the dark, 
but in intense light falling from one side develope their normal flat form, in such 
a manner that the surfaces stand at right angles to the incident rays. 

So far it is gravitation and light which have produced the described effects 

^ The relation here described between the protonema of Funaria hyg7'6mcUnca and light was 
first cited in my treatise ‘ Uber orthotrope und plagiotrope Fflanzcntheik ’ (Arb. des hot. Inst, in 
Wzbg. B. II, p. 256). I have completely set aside the doubt I there expressed, by means of later 
investigations, and thus established the result expressed in the text. 
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on growth, and at the same time we have had to consider the relations of direction 
and position under which the embryonic rudiments of new organs arise, and of 
the external and internal symmetry of their organisation. These relations are 
possible simply because gravitation and light, according to their nature, act on 
the plastic substance of the plant in definite directions; and we shall have 
opportunities subsequently, when considering geotropism and heliotropism, of 
becoming acquainted with other effects of these two natural forces, where it is also 
a matter of effects appearing in definite directions, but of effects on organisations 
already more or less fully developed, whereas we are here concerned exclusively with 
the effects of external forces on the developing organisation itself. 

Having thus become acquainted with the influence of gravitation and light on 
the embryonic rudiments of the organs, by means of a few examples, I now proceed 
to show how the same forces co-operate during the further growth of organs already 
established, or, as we may say generally, how they affect post-embryonic growth. 

2. Post-emhryonic rda/zons of cozifiguration. In this case also, as will be shown 
further on, the influence on growing organs in a definite direction may still come into 
consideration ; but, in the majority of the known cases, the effects of gravitation and 
light here present themselves in far more complicated forms, indeed so that the whole 
physiological quality of an organ may be determined by them. 

In this sense the behaviour of the subterranean shoots of Dracana and Yticca 
will at once illustrate what is meant k These well-known large Liliacese develope from 
the base of their upright stems root-like shoots of a thickness varying between that 
of the thumb and that of the arm, which gi*ow down vertically into the earth, and in 
their turn produce numerous long roots which feed the whole of the large plant, 
but remahi thin and filiform. These subterranean shoots produce, it is true, 
numerous leaves at their broad growing-points, but these leaves remain rudimentary 
and form annular thin membranes. So long as the plant remains undisturbed, 
proper foliage leaves never arise from the growing-points of these subterranean 
shoots. Their development can be effected, however, simply by completely inverting 
such a plant placed on a support, as in Fig. 344 h £) and directing the root-system / 
contained in the flower-pot upwards. The growth of the now down-turned bud is 
injured if it has no opportunity of curving upwards ; the development of the growing- 
points on the thick rhizome shoot ad, however, is promoted. The leaves produced 
here develope henceforward no longer as annular membranes, but in the form of 
foliage-leaves, finally coming above the soil, and thus leaf-shoots arise directly from 
the up-turned rhizomes. It is evident that in the experiment nothing whatever 
has been altered except the direction in which gravitation acts on the plant. The 
rhizomes in the opaque soil are inaccessible to the light both before and after, the 
relations of moisture in the surrounding soil are the same as before, and nevertheless 
the post-embryonic development of the leaves arising at the growing-point are forth- 
with altered : instead of so-called cataphyllary leaves or scales, vigorous foliage- 
leaves are produced, which, however, of course only become green and fiat when 
they grow forth above the soil. Moreover, it is possible to make the experiment 


^ What is said in the text as to Yucca s.nd. JDraccsna (sub-genus Coj'dyline) is described more 
in detail in my treatise ‘ Staff und Form* (Arb. des bot. Inst, in Wzbg. B, II, pp. 45^5, &c.). 
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Still more easily by taking an entire plant of Yucca m Drac^naont of the earth and 
submerging the apex in a glass vessel full of water, so that the thick rhizomes 
are directed upwards. Even in this case, and under the influence of light, the changes 
described take place, and after all that has been said, they cannot well be ascribed to 


d 



Fig. 2,^^.— Vuccct gloriosa. «« rhizome; Astern; <r leaves at apex; rf subterranean U‘af-shoots 
from the basal part of the rhizome; leaf-shoots from the terminal buds of two shoots of the 
rhizome ; <? r soil of pot ff\ gg, h h the wooden support for the inverted plant ; i a new root ; 

A and / new buds of the rhizome. The roots are omitted in the figure. 

any other influence than that of gravitation, although it is at present quite impossible 
to form any clear idea whatever as to the way in which this influence leads to the 
final result described. ^ W are here simply in the same position as with almost all 
the effects of light and gravitation, pressure, injury, and other external influences : 
[ 3 ] m m 
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we simply perceive the cause and the last effect, while the probably very long series 
of intermediate causes and effects remain for the time being unknown* The 
same is the case, indeed, with all the phenomena of irritability, among which even 
the best-known, both in animal and vegetable organisms, always present ultimately 
something entirely inexplicable and unintelligible according to ordinary ideas of 
mechanics. 

Here again our information as to the influence of light on the development of 
organs, the rudiments of which are already formed, is much more abundant, although 
here also, as in the whole of this province, we have as yet gained only the first dim 
glimpses into very involved processes of Nature. We may in the first place keep 
apart two cases; on the one hand we ask the question, what happens when organs 
which normailj complete their post-embryonic growth under the influence of light are 
necessitated to complete their development in constant darkness ? We have in this 
case to do with the so-called Etiolation of plants. In the second place, the case is 
to be noticed where organs, especially leaf-forming shoots, which, as a rule, pass 
through their whole course of development underground, and therefore in profound 
darkness, are compelled to do this under the influence of light. 

In spite of the very numerous researches on Etiolation, as it is called — i. e. the 
alteration induced by want of light in organs which normally grow in strong light — 
it must nevertheless unfortunately be confessed that we here enter upon a province 
which until quite recently has been closely bestrewn with gross errors. However, 
this is not the place to discuss that matter, and I must be satisfied with acquainting 
the reader with those facts which can easily be observed k 

If the seeds of Phanerogams are sown in soil and allowed to develope their 
seedlings in the dark, there appear after a short time abnormalities, in general of 
such a kind that the shoot-axes are longer by far than is the case when the 
illumination is normal, whereas the first leaves of the seedling usually remain much 
smaller, and do not complete their extension in one plane, and at the same time 
(except in the Coniferse the formation of chlorophjli is suppressed : the leaves 


^ What is here said concerning etiolation is based on my two treatises, ^ l 7 der den Einfluss des 
Tag^sli^hUs auf ISfeubildung und E 7 ttfalhi 7 tg verschigdener EJianze^torgane^ Bot. Zeitg. 1863, 
supplement; and 1865, Wirkung des Lichtes atif dig Bliithenbildzmg tmter Vermittlung der Lanb- 
bldttgrf pp. 1 1 7, &c. I have of late years carried on in Wfeburg similar investigations with the aid 
of better methods than were to hand at that time : the results of these have not yet been published 
in detail. Gregor Kraus (‘ liber die Ursachen der Formdndertmgen etiolirler PJlanzeni Jahrb. fiir 
Wiss. Bot. VJI, p. 209) and Godlewski (‘Zw> JTenntmss der Ursachen der Formdndertmgen etio- 
Urier PJlmtzen* Bot. Zeitg. 1879, pp. 81, &c.) have both dealt with the excessive lengthening 
of the internodes and the dwarfing of the leaves of seedlings in the dark, but without taking 
into consideration my much older statements on the etiolation of shoots nourished by foliage- 
leaves e^fposed to light. Moreover, the text above is chiefly concerned not with the mechanical causes, 
but only with the facts themselves, wherefore I need not here go further into the statements of these 
observers. Kraus’ assumption, in particular, that etiolated leaves remain small because leaves in 
general are only able to grow from their own products of assimilation, is strikingly contradicted 
by the experiments described and illustrated in the text. That the dwarfing of leaves in the 
dark is a phenomenon of disease, and cannot be compared with the growth of leaves under 
normal conditions, has been shown by Prantl’s investigations in my laboratory, ‘ Uber den Finfltiss 
des Lichtes auf das Wachsthum der Blatter'' (Arb. des bot. Inst, in Wzbg., B. I, p. 371). 

2 That the seedlings of Conifers produce leaves which contain chlorophyll even in profound 
darkness I first stated in the publication ^ fotos^ (Prague, Jan. 1859); and I showed later that 
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developed in tbe dark become yellow^ it is: true,, whereby of course a step towards 
the formation of chlorophyii is accomplished, but the greening of this j-eilow imperfect 
chlorophyll is only compieted when such etiolated leaves are subsequently exposed to 
light. Moreover, the size of a plant thus developed in the dark, as well as the number of 
roots and leaves formed, are proportional chiefly to the volume and mass of the seed 
or, better, to the quantity of the reserve-materials accumulated in it. From the minute 
seed of the Tobacco plant there developes in the dark a correspondingly tiny seedling 
with two cotyledons ; from the large seed of a Bean or of a Horse Chestnut, on the con- 
trary, there may be produced in the dark a plant of considerable size with copiously 
branched roots, and several, though small and yellow, leaves. At length, however, after 
a few days, or in the case of very large seeds after a few' weeks, the growth in the dark 
always ceases, and the w'hole plant becomes diseased and perishes ; in many cases, as 
mthJPkaseo/m,Scc., not until all the reserve-materials of the seed have been completely 
used up for the formation of organs ; in other cases, how'ever, as in the Gourd, growth 
and the development of organs cease while the cotyledons still contain considerable 
quantities of unused formative substance. The malformation of such etiolated 
seedlings, as well as their final perishing, show that they are in a sickly condition, 
and this at length affects the processes of growth proper, which alone interest us here. 
Although the fact that the shoot-axes become elongated more rapidly in the dark 
agrees with the observation that their growth under normal conditions of illumination 
takes place more rapidly during the night, or during occasional short periods of 
darkness, than under the influence of light — a point to which I shall return in 
the next lecture ; yet the dwarfing of the etiolated leaves of seedlings might lead 
to the conclusion that their growth is directly retarded or inhibited by deficient 
light, and thus might be accelerated by illumination. That is a mistake, however, 
since, as we shall see later, healthy green foliage-leaves which have previously been 
ejqposed for some time to the action of light, grow more rapidly during the night or 
during other periods of darkness which last for a few hours only. From this it 
evidently follows that the dwarfing of etiolated leaves of seedlings must have other 
causes, which we simply imply by terming the etiolated leaves (and the same is true 
of the excessively long shoot-axes) diseased. Of course this appears to be con- 
tradicted by the^ fact that young etiolated leaves when brought into the light grow 
vigorously after a few days ; but this growth is not a direct result of the action of 
light, but rather a consequence of the fact that, by means of the illumination, in the 
first place a normal healthy condition is created in the tissue, and this in its turn 
makes further growth possible. 

That seedlings which have grown up in the dark soon fall victims to an actual 
disease of their tissues, and that their abnormal relations of growth depend essentially 
on morbid changes in their tissues, due to want of light, and that consequently points 
come under consideration which have hitherto scarcely been noticed, and that, above 
all, the supply of suitable constructive materials plays a great part, it is easy to 
convince ourselves by a modification of the experiment 

Instead of allowing seedlings to grow up from seed in the dark, I directed 


leaves developing in the dark from the older stem of various Ferns form chlorophyll, which, on the 
contrary, is not the case with Equisetum, 
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in my experiments in 1863) tbe buds of plants provided with numerous leaves 
into a dark box, in such a way that the shoots which proceeded thence must 
develope inside it, while from numerous leaves, which were as large as possible 
and exposed to the most intense light available, the products of assimilation outside 


of the plant is 


were transmitted to them; thus in proportion as the growth in the dark progressed, 
substances available for growth were also formed by the assimilation of the illumi- 
nated leaves, and carried to the places where they were used. Fig. 345 illustrates an 
experiment of this kind, as I am in the habit of arranging it for the purposes of 
demonstration. After all the axillary shoots have been cut away from an already 
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%'ery strong and well-grown Gotird-plant, furnished with about ten to twelve large 
green leaves, the .apical portion of the main stem is directed through a hole small 
as possible, into a large thick-walled -wooden box JT, and gently secured ; the box is 
provided . with a large' well-fitting doo.r. The figure sho'ws. how from the apical bud 
directed through not only numerous leaves,, tendrils, new shoots, and flowers (at B) 
have been formed, but also a large fruit /; only these parts were considerably more 
numerous than is shown in the figure. When the space became too small for the shoots 
growing in the dark, I pushed the active terminal bud through a hole (t^) in the roof 
of the box out into the open air, and then made the necessary closure. The figure 
shows how this shoot-bud which, originally directed into the box at d, had then 
(leveloped further in this for several weeks {B), on now being again exposed 
to the light, has become quite normally developed again above the roof of the box at 
C, The sojourn of this shoot-bud in the dark box was, so to speak, only an episode 
in its life, during which it by no means ceased to produce leaves, leaf-shoots, tendrils, 
roots and flowers in the usual manner. The foliage-leaves, which were of a 
clear bright yellow colour, attained a considerable size, as seen. One of the 
largest had a lamina 625 sq. cm. in area, while an average-sized leaf of the same 
plant previously produced in the light, and dark green in colour, measured 825 sq. cm. 
The leaves in the box attained on the average l-f the normal area, although they 
were only illuminated once every three or four days for a few minutes for the 
purpose of observation, and produced no trace of chlorophyll. Still less was the 
effect on the growth of the shoot-axes: the magnificent large tendrils were as 
sensitive as it is possible for tendrils to be, the male and female flowers completely 
normal in form, size, and colour, and, finally* the fruit /when ripe weighed 4 kgr., 
and possessed 195 seeds, a third of which were capable of germination; and, in 
a word, apart from the chemical process of greening and a few insignificant 
disturbances in the growth of the foliage-leaves, as may be seen in the figure, 
the growth in the dark, both in its embryonic and in its later stages, was essentially 
normal, and that of the reproductive organs in particular quite normal. On no^v 
noticing further that Gourd-seedlings in the dark exhibit the disease of etiolation 
in the highest degree, and that their first leaves especially remain very small, the 
above experiment teaches us that in this case it must be a matter not so much of a direct 
influence of light on growth, as rather of the production of substances which bring 
about growth subsequently. This follows also from the fact that the growth of the 
Organs enclosed in the dark cavity is so much the more vigorous and normal the 
larger the assimilating leaf-area exposed to the light is, and the more intense the 
light itself is outside the box. 

So long as nineteen years ago I obtained results similar to those with the 
Gourd, with Phaseolm, Tropceolum (Indian Cress), and Ipomaa purpurea (Red 
Bindweed). Of especial interest in all these cases is the unusually vigorous and 
normal production of flowers and fruit, so long as the assimilation of the leaves 
exposed to the light proceeds energetically. 

Since the products of assimilation of the leaves up to a certain extent 
accumulate in the latter and in the shoot-axes, before they are made use of for 
further growth, it is often possible to obtain vigorous shoots and flowers even in 
the dark by simply placing entire strong plants (e. g. Tobacco, Wall-flower, 


LECTURE XXXI. 


534 

which are already beginning to form flowers, in the dark ; the production, however, 
is always more restricted, and the development of normal flowers particularly is in- 
significant, or conspicuous abnormalities in the growth of the flowers appear, simply 
because the flower-forming substance has not been previously accumulated in suf- 
ficient quantity. 

These experiments as to the dependence of the formation of flowers on the 
preceding or simultaneous activity of the foliage-leaves in the light, now explain 
to us also one of the most universal relations of growth in plants. The flowers 
appear either singly or several together in the axils of foliage-leaves, evidently because 
the formative substance produced in the latter can thus be most easily transferred to 
them. In very many other Phanerogams there are formed single or many flowers 
(Inflorescences) on long shafts, so that the completely developed flowers are far distant 
from the assimilating leaves : this is the case with almost all Grasses, and many Lilia- 
cese (Alhum, Aloe, Dr accEm, &c.). But it must not be overlooked that in such cases 
the flower- buds are already fully developed in all essential points while the eventually 
very long floral support or shaft is still extremely short, and the entire inflorescence is 
thus situated either in the axil of a foliage-leaf or in the midst of a rosette of 
numerous leaves, so that in such cases also the formative substances are conveyed 
by the shortest route to the young flowers. When then the stalks of the flowers 
or inflorescences become elongated, and the flowers removed further away from the 
leaves which supply them with nutriment, it is a matter simply of their unfolding, and 
this depends essentially upon the necessary supply of water. We may probably 
go a step further, and assert that the proper reproductive organs in the narrowest 
sense of the word (the spores, male fertilising cells, and oospheres) take up their 
formative substance from the assimilating organs, and since only shoots can be 
assimilating organs at all, an explanation is offered of the fact that all true organs 
of reproduction are produced exclusively by shoots, and are usually formed on leaves 
or in the axils of leaves, or at any rate in some close connection with them. It 
may be objected that in the case of plants which contain no chlorophyll, the repro- 
ductive organs are also connected with the shoots. We can however reply that such 
plants are phylogenetically derived from plants which contain chlorophyll, and that 
it is also advantageous for the reproductive organs in general if they arise on the 
shoots protruding above the substratum. 

These considerations may at first sight appear scarcely to harmonise with the 
fact that bulbs of Hyacinths, Tulips, &c.,when germinating in profound darkness, never- 
theless produce magnificent normal flowers, while the leaves at the same time become 
etiolated, though not strongly. But this favourable result of growth in the dark 
depends essentially on the fact that in the preceding period of vegetation the foliage- 
leaves of the bulbous plant were able to assimilate in intense light, and that flower- 
forming substance was thus already collected in the interior of the bulb, and then, 
during the apparently dormant period in summer and winter, nourished the flower- 
buds deep in the interior of the bulb, so that when such a plant is eventually allowed 
to put forth its shoots in the dark, it is only a matter of the last stages of develop- 
ment, which here also are accomplished chiefly by the addition of water. This 
opportunity may be taken of mentioning the fact that many plants provided with 
bulbs, tubers, or large rhizomes, and especially phanerogamous root-parasites and 
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humus-plants, pass through all their essential; processes -of development, and 
especially all their processes of embryonic growth, in . profound subterranean dark- 
ness, so that the foliage-leaves only come forth annually and for a short time into the 
light, in order to assimilate and to fill the- -subterranean parts with nutritive substances j 
and the flowers come forth beyond the surface of the earth not because they require 
light for their growth, but in order to ensure pollination by the aid of insects. 

I have so far, for the sake of simplicity, in considering the subject of etiolation, 
always regarded only the contrast between full daylight and profound darkness ; it 
must be added, however, that etiolation also occurs in feeble light, and is the more 
marked in proportion to the diminution in intensity of the light Here, however, it 
is a matter of one important point chiefly, that is whether the intensity of the light is 
at all sufficient to effect assimilation in the chlorophyll ; if this is not the case, as for 
example often happens in the interior of a dwelling-room, then though green leaves 
may be formed, it is true, so long as the store of nutriment lasts, still, since no 
new assimilation takes place, this store is gradually exhausted, and the plants grow 
themselves to death — a very common case ,when they are left on flower- stands 
in rooms. 

In contrast to the unusually energetic growth which takes place even in profound 
darkness when there is a considerable store of assimilated substance accumulated, 
either in reservoirs of reserve-materials (seeds, bulbs, tubers), or when it is produced 
at the time by assimilating green leaves, are now to be mentioned the spores and 
gemmae of the Cryptogams, which so far as is known do not germinate at all in the 
dark, although in most cases a feeble light is sufficient to induce their growth, 

I must content myself with these few remarks with reference to the questions 
connected with etiolation, although much more might be added, 

I will now quote a few more cases belonging to the above-named second 
category, concerning the fact that organs which normally develope in the dark may 
be abnormally compelled to grow in daylight. Here again the common Potato, as 
in so many other cases, forms an unusually favourable object for physiological 
observations. It may be premised in the first place that potato-tubers lying in a dark 
damp place develope, as is well known, numerous etiolated shoots, which are often 
very long, and which are furnished with extremely small leaves : in this, after what 
has already been said, there is simply nothing peculiar. However, if potato-tubers 
are laid on damp sand, for instance, and covered with a transparent bell- jar in the 
spring and summer and kept at a bright window, there grow out it is true numerous 
thin roots from the so-called ‘ eyes ' (buds) but the shoots themselves remain for 2-3 
months of continued cultivation extremely short, and none of their leaves are 
developed — in other words, they are extremely sensitive to the action of light, which 
retards their growth to a striking extent. So far as I understand this phenomenon 
(which still needs careful investigation), it chiefly depends simply upon the fact that 
the potato-tuber in the normal course of life is covered with several centimetres of 
soil, and must therefore also be darkened when the sprouting shoots develope from 
the eyes. It is chiefly the growth of the 2-5 lowermost internodes of the shoot 
which are concerned here, and it is fron^ these th^t the roots and stolons arise. 
These lowermost segments of the shoot are adapted to darkness and can scarcely 
grow in the light; whereas the later segments and rudiments of leaves, on the 
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contrary, require the light in a high degree in order to grow normally. This fact is 
so much the more remarkable since very many roots and subterranean shoots 

exhibit no signs of such sensitiveness h 

While the lower segments of the potato-shoot afford us an example of the fact 
that under some conditions the growth of parts of the plant is almost entirely 
prevented by the light, an example of the contrary is afforded, according to Goebel’s 
observations, by the scale-leaves of some rhizomes, which normally grow in subter- 
ranean darkness. These if exposed artificially to the light have their growth and 
all the processes of configuration promoted, and become transformed into’ true 
foliage-leaves. Goebel ^ cultivated plants of species of Ctrccea so that the otherwise 
subterranean stolons were forced to develope further in the light: their otherwise 
scale -like leaves now became transformed into normal green foliage leaves. 

The fact established by Stahl that the assimilating parenchyma of the foliage- 
leaves undergoes conspicuous changes in the form of its cells according to the 
intensity of the light, definite relations between the directions of growth and the 
direction of the ray of light being apparent at the same time, also belongs to the effects 
of light on post-embryonic growth. As is shown in Fig. 202 (p. 247) the assimilat- 
ing tissue of the usually thin flat leaves forms two layers; an upper one turned 
towards the light consists of palisade-like upright cells elongated in the direction of 
the incident rays of light ; the lower half of the assimilatory parenchyma is composed 
of cells which are rounded or often transversely elongated in a plane parallel to the sur- 
face of the leaf, and between which there are usually large intercellular spaces. These 
layers are distinguished as the palisade layer and the spongy layer of the mesophyll 
In leaves with vertical surfaces, as the Iris, and in stems like those of Equiseium^ 
the palisade cells on the other hand lie horizontally, in the former on both sides of the 
leaf, in the latter radially directed on the whole towards the periphery. According to 
Stahl the palisade cells, however, constitute that form of assimilating tissue which 
is especially produced by intense light striking the surface of the leaf directly, 
since he shows that in the same species of plant the formation of palisade tissue 
diminishes in proportion as the intensity of light decreases. Leaves grown in 
the shade possess chiefly or only spongy parenchyma; those grown in strong light 
chiefly palisade tissue. As an example the Beech may be mentioned, as well as 
other trees. We have here in view, in the first place, only the fact that light is the 
cause of these relations of organisation ; but it must be added that the histological 
differences thus produced are in their turn again of use for the process of assimilation, 
a matter however into which we cannot here proceed further. 

Our considerations so far have been concerned with the action of Gravitation and 
of Light on growth. The former is always acting continuously on each of the minutest 
parts of the plant : light, however, only acts on those parts which are above ground, 


^ The action of light on young Potato-shoots described above is the more remarkable when the 
nights are taken into consideration : it might be supposed that although the growth is completely 
arrested in the day-time, it could nevertheless proceed in the night, and perhaps the extremely slight 
growth actually takes place only during the nights. But the growth is so slight that even on 
this assumption it seems probable that an after-effect of daylight persists even during the night. 

^ Goebel, on Ctrccea, in his * Beitrdge zur Morphologic uiid Physiologic des B lattes' (Bot. Zeitg. 
1880). 
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and it undergoes periodic alterations each. day, ..Evidently, however, in both cases the , 
effects on growth, so far as they occur at- all, must be cumulative ; . though perhaps in 
the course, of a few hours or of a day unnoticeable,. these actions' after months ..and 
years may - produce very considerable effects, which however. . up to the present 
are but little known. Since however we already know, a large scries of such 
effects, though notice has only quite recently been directed towards them, it may 
be expected that many more will be discovered; and if it Is remembered that 
while the vegetable world from its origin onwards has been gradually evolving from 
.its "lowest forms the highly organised ones — that during this time all processes of. 
growth have been continually affected by gravitation, and at least periodically and 
partially acted on by light, it may be presumed that almost all relations of organisation 
must gradually have been modified to a very large extent by gravitation and light 
In other words, the forms and modes of life presented by plants, and which the 
botanist studies, must have been to a large extent induced by the continued action of 
gravitation and light. We can now artificially induce or prevent some of these 
actions, but others are perfectly hereditary and have become constant. Evidently 
there here lies before us one of the most fruitful provinces for botanical investigation. 

Finally, it remains to mention still a few other cases of the action of external 
forces on the growth connected with configuration; but this must be done quite 
shortly, in order not to spin out this lecture too long. I have already referred to 
cases where by the growth of parasitic Fungi the tissue of the host-plant is not 
destroyed, but is even enormously promoted in its growth. One of the finest 
examples is presented by the formation of the so-called “ Witchs' brooms” on Firs; 
— -on the horizontal branches permeated by JBcidium elatinum are produced abnormally 
orthotropic shoots, growing like small primary stems. Another category of growths 
abnormal for the plant itself occur in the numerous gall-formations, so common 
everywhere ; — ^insects, especially Gall-flies, lay their minute eggs in the tissues of young 
growing parts of plants, and while the small larva is developing from the egg the 
vegetable tissue surrounding it becomes hypertrophied, and thus forms the Gall 
The common gall-apple ” of the Gak, and the galls of the Rose-bush furnished 
with their moss-like appendages, and others are known to all. Tw'o points 
in the formation of galls are especially worthy of note. First, every species of gall 
possesses a definite anatomical structure and external form, as if the gall were an 
organism sui generis; and secondly, this complex organisation is induced simply and 
only by the development of a specifically distinct insect larva, so in fact that entirely 
different galls are produced on the same plant by different insects*. It may here be 
mentioned by the way that certain aphides produce gall -like structures, among 
which the large hollow Chinese galls, and the galls resembling pine-cones produced 
by Chermes viridis on our Red Firs, are especially notew^orthy. It has lately been 
established by Peyritsch, moreover, that some monstrous floral developments, so- 
called green flowers {Chloranihy\ especially of species of AraUs^ can be artificially 
induced by placing certain species of Aphis on the still young inflorescences. 

In these cases it is abnormal external stimuli which induce abnormal growth. It is - 
of very common occurrence, however, not only in the vegetable but also in the animal 
kingdom, that new growth results in a perfectly normal manner from fertilisation. 
Here again the important matter is that a material influence acts on the female organ 
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from without, by means of which the oosphere is transformed into the embryo, and the 
latter into a new organism. It will be the object of my last series of lectures, how- 
ever, to go into this matter in detail ; only the one point need now be noticed, that 
not only in the Phanerogams but frequently in the Cryptogams also, the result of the 
fertilisation of the oosphere is not merely its development into the embryo, but also 
that other parts of the mother plant are thereby incited to further growth. In the 
Phanerogams the formation of endosperm in the seed, the swelling of the ovary and 
its development into the ripe fruit, are due to the action of the pollen : the infinite- 
simal quantities of fertilising substance which are transferred by means of the pollen- 
grains, e.g. of a Gourd-plant, to the female flower, are the cause of the development 
from the ovary, by growth, of a fruit which is occasionally a hundred pounds in 
weight. A still more remarkable case however in this connection, as Hildebrand^ 
has shown, is presented by the Orchide^ : at the time when the pollen reaches 
the stigma, the ovules in the ovary, and which are to be fertilised, are either still 
incomplete or have even not yet commenced to be developed at all, and if no pollen 
is transferred to the stigma these essentially female organs of reproduction de- 
velope no further. The growth of the pollen-tubes into the stigma acts as a 
stimulus on the ovary, and the latter now begins to grow vigorously, and in it the 
ovules only now develope, or even begin to be developed. 

In the case of the action of gravitation and of light we had to acknowledge that 
the connection between cause and effect is entirely unknown to us, and in the case of 
all the phenomena just mentioned we are no less compelled to say that all explanation 
as to how the effects perceived result from the causes perceived is wanting. 


^ Hildebrand, * Die Fruchtbildung der Orchideen ein Beweis fur die doppelte Wirkung des 
Pollens' (Bot. Zeitg. 1863, pp. 329, &c.). 
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THE COURSE OF GROWTH DURING ELONGATION. 
PERIODIC VARIATIONS. 

We have hitherto treated of growth only in so far as it is concerned with 
the production of configuration — of the external and internal form of the organs, and 
through this of the whole plant In the present lecture we are to be concerned 
with growth from an entirely different aspect. We place before ourselves the question, 
in what manner does the growth of any small portion of a plant run its course when 
it passes over from the embryonic condition into that of elongation, in order subse- 
quently to reach the stage where its external growth ceases ? 

Here again, in order at once to keep in view a concrete case, and to avoid the 
tedious enumeration of the manifold combinations in the distribution of growth in 
different plants, we may first confine our remarks to the typical shoots and roots which 
have a terminal growing-point ; and, in order to limit the problem still more, we may 
first concern ourselves exclusively with the increase in length of such organs — 
i, e. with growth parallel to the axis of growth h 

As the most important result, it is first to be insisted upon that every part of a 
plant, and in fact every transverse disc of it, however short, elongates slowly at first, 
then, with increasing rapidity, attains a maximum velocity of growth, and then again 
grows slowly and still more slowly, until the growth finally ceases altogether. In 
order to illustrate this in as simple a case as possible, we may take the young long 
primary root, about 2-4 cm. long, of a seedling of Viaa Faha (the common Broad 
Bean). Two transverse lines of Indian ink are drawn immediately above the 
growing-point, by means of a small sharp camel-hair pencil, so that they are exactly 
I mm. apart; this then denotes the length of a transverse disc of the root The 
seedling being now'^ left in a place where it can at the same time absorb water and 
respire energetically, and therefore where growth takes its normal course at the 
expense of the assimilated reserve-materials, it is only necessary to measure the 
length of the transverse disc (originally i mm.) at certain intervals of time, in order to 

^ The modern fundamental work on growth in length, is my treatise, ‘ tlber den Einjitm der 
Liifttemperatur und des Tageslichts auf die stundlichen und tdglichen Anderungen des Ldngm- 
wachsthums der Internodicn^ in Arb. des bot. Inst, in Wzbg., B. I, pp. 99, &c,, where also all the 
then existing literature is thoroughly and critically incorporated. On the growth in length of roots, 
detailed statements and quotations are found in my treatise * Uber das WachstJmm der Haupt- und 
Nebenwurzehz,' op. cit. p. 385 (1873 and 1874). The periodic variations of growth first brought 
into notice in my first-named treatise were subsequently investigated in detail by Oscar Drude 
{Leopoldina, B. XXXXVIII, No. 3, Halle, 1881) in the leaves of Victoria regia: he obtained no 
better information as to the cause of them, however. 
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ascertain the elongation or growth whfch has taken place in the same intervals, 
subtracting each time the preceding length from the one subsequently measured, and 
denoting the remainder as growth. It is necessary to take care, however, that the 
temperature remains constant during the periods of observation, or, since this is very 
difficult to attain, that it varies within equal limits, and it is also well to exclude 
the light from the object under observation, because this also influences the rapidity 
of growth; since the point is to observe the process of growth under constant 
external conditions. Thus, I found in the case of a transverse disc, originally i mm. 
long, above the growing-point of the primary root of a seedling of Vxcm Faha grow- 
ing in moist air, with a daily recurring variation of temperature of i8°-2 i-5°C., the 
following alterations in a period of 24 hours : — 


I St day . . . . 

Growth, 

. 1*8 mm. 

2nd „ . . . . 

. ' 3‘.7 'sj 

3rd „ .... 

• 17-5 

4tli ,, . . . . . 

■ i 6-5 >. 

5th „ . . . . 

• 17-0 » 

6th „ . . . . . 

• 14-6 >- 

7th „ . . . . 

7-0 » 

8th „ . . . . . 

• o-o „ 

Total 

. . 78.0 mm. 


A similar transverse zone of the internode of a shoot-axis, marked off by trans- 
verse lines on the youngest part that can be manipulated, behaves also much in 
the same way as that on a root. Thus, for example, a transverse zone, 3*5 mm,, 
long, of the first internode of a seedling of Phaseolus muUiflorus, was marked bylines, 
and the following elongations or growths observed in each period of 24 hours — the daily 
variation of temperature being from 11° R. 

Growth. 


ist day . . . . 

. . 1*2 mm. 

2nd „ .... 

• * ^*5 >> 

3rd „ .... 

• • 2-5 „ 

4* 

• 5*5 

5th „ ..... 

• • 7*0 ,, 

6th . . .. . 

. . 9-0 „ 

7th ,. ... . . 

140 „ 

8th „ 

. . I0‘0 „ 

9th „ ...... 

• • 7-0 

loth „ . . . . 

. . 2-0 „ 

Total 

. . 59-7 mm. 


Numerous other measurements leave no doubt that the growth in length of 
transverse discs of leaves and other organs also runs its course in the same way, and 
from observations of another kind we may conclude that in organs which consist 
only of simple vesicles not divided up . by cell-walls, the behaviour is the same. 

Every small transverse zone of a growing organ thus exhibits a periodic 
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variation of its growth, which is independent . of temperature, light, and other forces 
which influence growth. Since, however, with the periodical variation of these latter, 
still other periodic fluctuations in the growth in length of such a part maj make 
their appearance in addition, I have, in order .to distinguish it more .exactly, 
designated the phenomenon characterised above as the grand period qfgrmoih. 

If we now take such a transverse zone as the above, limited by two lines 
as before (but further distant from the growing-point), and then measure its lengths 
after certain intervals of time, it is obvious beforehand that this transverse zone, 
since it is older and further distant from the growing-point, must be from the 
start already in a further advanced stage of growth. The case may occur, for 
instance (if we have hit upon exactly the right distance from the growing-point), 
that the first measured elongation forthwith coincides with the stage oT maximum 
growth, so that every further measurement must present decreasing elongations ; or 
the zone marked by the transverse lines, if still further from the growing-point 
may be found already from the beginning in a condition of decreasing growth, so that 
the first measurement yields a small and each succeeding measurement an ever smaller 
amount of growth. And if we have taken the marked zone still further removed 
from the growing-point, it may happen that it has already ceased to elongate— that 
therefore every succeeding measurement gives the same length. 

Thus if we had drawn a large number of transverse lines on a root, beginning 
from the growing-point, or on a shoot-axis, beginning beneath the bud, in such a way 
that the lines are at first equally distant from one another — say i mm. or so — then 
on measuring the lengths of these portions after equal intervals of time, we should find 
that the portions nearer the growing-point at first show an increasing rapidity of 
growth, and that some one of these portions reveals a maximum rapidity, whereas 
the transverse zones further distant from the growing-point exhibit in the same period 
growths or elongations which are so much the less the more distant they lie from 
the growing-point in each case. 

In order to illustrate this also by a definite example, the following observation 
may be quoted. I had the primary root of a seedling of Vida Faha subdivided into 
transverse discs, each i mm. long, by means of lines of Indian ink, beginning from the 
growing-point. After 24 hours (at 20-5° C), the root having grown in moist air, the 
marked zones showed the following increments : — ' 


Number of transverse disc. 

Increase. 

(Upper) X . ... . . . 

. 0*1 mm. 

IX . . - . . . . 

. 0*2 „ 

VIII ....... 

. 0-3 „ 

VII 

• 0-5 „ 

VI . 

• i‘3 » 

V . 

. „ 

IV . . . . . . . 

• 3-5 

Ill . . . • • • • 

. 8.2 „ 

II . . . . . ■ • 

. 5*8 » 

(Root-apex) 

• 1*5 » 

Total growth in length 

23-0 mm.. 
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Here, then, that transverse disc in which the maximum growth took place was 
situated above the second zone from the apex of the root; or, in other words, it was 

the third of the marked zones in which 
an increment of 8* 2 mm. resulted in the 
24 hours — the original length being 
I mm. Nearer to the apex, as W'ell as 
further from it, the amounts of growth 
were smaller. We may thus say, shortly, 
that at a distance of 2-3 mm. from the 
growing-point of this root the growth 
had attained its maximum rapidity, 
whereas it was very slow immediately 
behind the growing-point, and much 
further distant from it (10 mm. in the 
present example) only amounted to 
0*1 mm. In transverse zones still 
further distant, no further growth at 
all was to be detected. 

The same is the case also with shoot- 
axes. Since in these, however, the 
growth is distributed over longer 
stretches, it is well to take longer 
transverse zones at once from the com- 
mencement. Thus, beginning fi*om 
the upper end of the first internode 
of a seedling oi Phaseolus niultiflorusy 
a number of equidistant transverse 
lines were drawn, marking off pieces or zones each 3-5 mm. long. After 40 hours 
the lengths of these portions were measured, and the following growths found to have 
occurred: — 


Number of zone. 

Increase. 

(Beneath the bud) I .... . 

. . . 2-0 mm. 

II 

• • • 2*5 ,) 

in 

• • • 4*5 

IV 

. . . ,, 

V .... . 

* • * 5*5 >> 

VI . . . . . 

... 3*0 „ 

VII . . . . , 

. . . 1*8 „ 

VIII 

* f*^ yj 

IX .... . 

. . . 1*0 ,, 

X . . . . . 

. . . 0*5 ,, 

XI 

• • • 0*5 

(Lower part of plant) XII . . , . . 

• • • ®*5 jj 


Total growth in length 29-3 mm. 

After what has been said above, it is now obvious that the transverse segment 
No. IV, if we had observed it 40 hours previously, would have shown an increment of 



Fig. 346.— a seedling of Vicia Faha (Broad Bean). A ax the 
beginning of the observation. The plant is fastened to a cork 
by means of a needle «, its root being in water; the growing 
region is divided by means of painted lines into transverse zones 
(0— 10). B the same plant after 22 hours, at ax° C, ; the lines, re- 
moved some distance apart, show the distribution of the growth. 
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only 4*5 mm., and if we had observed it 40 hours, subsequently, an' increment of only 
5.5 mm. The segment IV simply happened to be in its stage of maximum growth 
during the period we observed it ; or, in other words, the segment No. Ill would have 
behaved during the next 40 hours exactly like IV, whereas the segment V had been, 
during the preceding 40 hours, in the same stage that IV was during our obser- 
vation. That is to say, in other words again, the whole growing region of a root, or 
of an internode, or of any organ whatever arising from a growing-point, consists of 
transverse zones, which, according to the age in each case (i. e. according to the 
distance from the growing-point), are in different stages of development: each of 
these transverse zones begins to grow slowly, then grows more and more rapidly and 
attains a maximum growth, and then decreases and finally ceases to grow altogether. 
Although it has been impossible hitherto to draw transverse lines in a similar 
manner on the non-cellular utricles of such plants as Vaucheria^ Mucor 211^ similar 
Coeloblaste, we have nevertheless every reason to believe that even in them the state 
of affairs is exactly similar. 

This method of observation affords us at the same time an opportunity 
of learning how long is the piece of a root, shoot-axis or other organ which is 
actually growing. Having drawn equidistant transverse lines, starting from the 
growing-point of a root, or from the bud of a shoot, and finding at a certain 
distance from the growing-point, after some time — say one or two days — that 
certain transverse lines have not separated further from one another at all, but 
have retained their original distance apart, this signifies that at these places no 
more growth in length whatever is taking place, and the distance between the first line 
which has not moved and the growing-point gives us the length of the growing 
region of the particular organ. Even a glance at the small tables above at once 
show^s that this length is strikingly different in roots and in internodes; in the 
primary root of the seedling of Vicia Faha growth has already ceased at a 
distance of lo-ii mm. from the growing-point; in the first internode of the seedling 
shoot of Phaseolus^ on the contrary, it only ceases at a distance of 12 x 3*5 mm. 
(i. e. about 4 cm.) behind the growing-point. The differences, however, may 
be much greater still, according to circumstances in each case : in thin lateral 
roots the growing portion behind the apex may be 2-4 mm. in length, while it 
may attain a length of even 50 cm. in the long flowering scapes of some Phane- 
rogams h I found, for example, as follows : — 

In — Length of growing region beneath the bud. 


Fritillaria imperialis . 

... 7-9 

cm. ^ 

Allium Forrum . . . 

. about 40 

„ 1 within one internode 

Allium Cepa .... 

... 30 

„ i (of the scape). 

Allium atropurpuremi 

... 50 


Cephalaria procera . . 

• • * 35 

„ (3 internodes). 

Polygonum Sieboldi 

... 15 

„ (4-5 internodes). 

Asparagus asper . . 

... 20 

„ (numerous internodes). 

Valeriana Phu . . . 

. . . 25 

„ (4 internodes). 

Dipsacus Fullonum . . 

. . : 40 

„ (3-4 internodes). 


^ With respect to the distribution of growth and the lengths of the growing portions in erect 
flowering shoots, cf. my treatise ^Uber W^dcksthuM wtd G&ot7’Opisnius aufrechtcr Stcjigel^ in hlora, 
1873, p. 322. 


5.44 


LECTURE XXX/L 


It is seen from this table that the growing region of a shoot-axis may embrace 
one or several internodes. In the latter case, especially when the individual 
internodes are sharply marked off from one another by large leaves which clasp 
the stem, there may be present within any one of them again a transverse 
2 one situated at the base, or even beneath the node, which behaves just like 
a growing-point, and in relation to which the increments of growth increase or 
decrease in a similar manner. 

It will also not be superfluous to point out that measurements of this kind, 
especially on shoot-axes, only give a clear idea when the latter have already attained 
a certain length: for at first, when the entire shoot-axis is still short and young, 
all the parts of it are growing in length; only when a certain length (i. e. a certain 
age) of the oldest portions is attained, does growth cease at certain places, and it is 
then for the first time that we have, at a definite distance from the growing-point, 
a region which is no longer growing, as was assumed in our last table. In addition, 
however, the case may also occur that the growth as a whole first disappears beneath 
the bud of a long flower-scape, while at its base it continues for some time longer, 
proceeding from an intercalary zone of embryonic tissue. In this case then the 
sequence of the partial growths is reversed, the shoot-axis being pushed up as it were 
from its base. The same may take place in very different ways, even in closely 
allied plants ; for instance, I found the usual form of distribution of growth in the 
flower scapes of Allium airopurpureum^ whereas in those of 4. Porrum and A, Cepa 
in the later stages of growth there is a basal vegetative zone with the properties 
indicated. 

What has here been said of the roots and shoot-axes holds good generally 
imuiaiis mutandis) of all organs, so long as they possess a growing-point at their apex 
or base, since the matter depends simply upon the passing over of the smallest 
transverse zones from the embryonic into the definitive condition, and it is to be 
remarked especially with respect to leaves, that the processes in question take place 
not only in the longitudinal direction, but also in the direction of the lateral veins, 
much as in the case of the lateral shoots of a main shoot. 

The fact that the maximum elongation in roots, as well as in shoot-axes, occurs 
only at a certain and often considerable distance from the growing-point, together 
with other observations, warrants the assertion that in the growing-point itself only 
an extremely slow growth in length takes place, and that, consequently, no growth 
in length occurs at all at the apical protuberance of the growing-point : it results on 
careful consideration also that no growth in length can take place at the apical 
protuberance, but, on the contrary, always occurs first beneath the apex, and reaches 
its maximum at a greater distance from it. This remark is not superfluous, 
since for a long time past, with , incomprehensible thoughtlessness, the growing- 
point, and particularly its apex, was held to be the place of most energetic growth 
in length. 

If it is observed now how the apex of a shoot, as it grows upwards in the course 
of a day, elevates itself several centimetres, or in very rapidly and actively growing 
plants some decimetres, or moves forwards in space generally, this movement 
must not be ascribed in any way to this so-called apical growth of the shoot; 
on the contrary, the bud behaves in the main passively in the process, since it is 
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pushed forwards bj the .transverse zones which are beneath it on. the shoot-axis. The 
movement of the shoot-bud in space is the sum of the e.lon Rations which the transverse 
sections of the shoot-axis beneath the bud are simultaneously undergoing. Tliis is 
more especially of interest in the case of the roots: in their case also the so-called apical 
growth is a meaningless expression, for the growing-point coveretl with the root-cap 
is driven forwards passively, by the elongation of the older transverse zones of the 
root w^hich lie behind it. In this case, however, the length of the growing portion 
is remarkably short, only 2-10 mm.: this, however, appears really to be of advantage 
when the object is to drive the root-apex forward in the soil. The root behaves in 
this respect like a nail being driven into solid wood by the strokes of a hammer. 
Where this regard for the mechanical conditions of the forward movement of the 
apex of the root is not necessary, we find that the relations of growth are 
different even in roots. In the long aerial roots of Aroids, and of a species of 
Czssus, I found ^ by measurements that the elongating region situated behind the 
growing-point is of considerable length, amounting to several centimeters, as in 
the case of shoot-axes ; this is evidently because it would here be superfluous to 
concentrate the force which drives the growing-point forward a few millimeters behind 
the latter, as is necessary in the case of roots growing in the resisting earth. 

Instead of the transverse lines mentioned so often, it is also possible in some 
cases to make use of certain natural marks for observing the distribution of growth, 
provided of course that there is sufficient ground for the assumption that these natural 
marks are equidistant at first, and also stop at equal distances finally. Thus, 
Askenasy^ employed the leaf- whorls of the Characea^, or, what amounts to the same 
thing, the lengths of the internodes, in order to gain information as to the alterations 
in space and time of the growth, from the growing-point to the parts fully developed. 
In the same way it is possible in the case of any other chosen stems with numerous 
internodes (which, however, must finally attain equal lengths) to find the stages of growth 
of the individual internode to a certain extent severally represented in the then existing 
stages of grow’^th of all the internodes which are still elongating. It is obvious that 
such an experiment will not be possible if the plant is of such a nature that the 
various internodes attain different lengths, or differ in any other way as to their 
relations of growth. 

In the case of organs the growing-point of which terminates in an apical cell 
which forms either one series of segments by transverse walls, or two or three series of 
segments by oblique divisions, the length of the surface lying betw’een each two 
segment-walls may be similarly employed, like the space lying between two artificially 
made transverse lines. Provided (and this is ■ actually realised in most cases,) that 
the successive segments have equal lengths originally, the process of growth may 
be judged from the relative lengths of the segments lying one over the other. Under 
certain circumstances, in the case of very simple organs which consist of one cell 


^ I described the abnormal behaviour of aerial roots respecting the length of the growing region 
in Arb. des bot. Inst, in Wzbg., B. I, p. 593 (1S74). 

2 The ingenious treatise of E. Askenasy, depending on careful reflection, ^tJbcr cine netce 
Methods, um die Vertheihmg der Wachsthupisintefidtat in wachsenden ThciUn zu bestimmen,^ is 
in the Verhandlungen des naturhistor.-med. Vereinszu Heidelberg, N. S. II, 2 H. (Winter). Unfor- 
tunately I have not space to go further into the contents of this treatise. 
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only, it is likewise possible to employ certain equably distributed sculpture markings 
on the cell-wall for the criticism of the ways and means by which the growth between 
them advances. Nevertheless these natural aids have only been used now and again 

SO far. 

Assuming that in the entire length of the growing region of a shoot-axis or root, 
or even in any one portion of this length, at any time whatever, the growth takes place 
a little more rapidly on the one side than on the opposite side, it is obvious that 
a curvature must thereby be produced, and that this is the more pronounced 
the greater the difference in the elongation of the two opposite sides. Such 
phenomena now are as a matter of fact to be observed very commonly during the 
process of growth in length: they are distinguished as Nutations, and are perceived 
the more easily the longer the growing portion and the more energetic the elongation 
itself is. Hence nutations are particularly evident in the case of rapidly growing 
erect flower - stalks. The leafless flower -scapes of species of Allium — e.g, the 
common kitchen onion — are found, so long as they are still growing in length, to be 
always bent over towards one side, often to such an extent that they describe more 
than a semicircle, and the thin flowering scapes of Allium rotundum and other species 
even make loops in this manner of more than a whole circle. Finally, however, 
when the growth is ceasing they straighten themselves completely, and stand quite 
erect. On observing such nutating flower-stalks from hour to hour, now, and 
if possible in the dark in order to exclude the heliotropic curvatures due to light, it 
is soon noticed that the curvature does not always remain the same, but alters in 
such a manner that the side which was previously concave becomes convex after 
several or many hours, and therefore, of course, the pendent apex bends over towards 
the opposite side. In the intervals also, sometimes one, sometimes another side 
of the stem becomes convex, so that the apex is gradually turned towards all 
parts of the horizon; and in particularly exquisite cases the change proceeds so 
that the apex is gradually carried round in a circle, or to put it better and more 
accurately, it moves in the form of an ascending spiral line, because during this 
rotating nutation a continuous elongation, and therefore an ascent of the apex in 
space, takes place. 

After what has been said above, the phenomenon finds its explanation in the 
'"fact that first one and then another side of. the organ elongates more rapidly 
than the rest. If this takes place ‘alternately on two opposite sides, the apex therefore 
bends over at one time to the left, at another to the right ; but if at the circumference 
of the organ different sides in succession gradually take their turns in the process, 
then the pendent apex must rotate in space. The latter case, however, is regularly 
observed to any considerable extent only in strictly radially constructed shoot-axes. 
I found such to be the' case, for example, in the scapes of Allium, in the 
flower stem of Brassica napus (Rape), and in the stem ol Lintwi milalissimum 
(Flax), as mentioned in my ' Handhuch der Experimental- Physiologic’ (1865), p. 514!. 

^ The first communication, so far as I know, made on the phenomenon which I subsequently 
mentioned in my ‘ Text-book ’ as revolving nutation, and which has been lately extended by Darwin 
to excessive importance as circiimnutation, is found expressed in my ^ Experi7?i€ntal>- Physiologic 1 1865, 
p. 5 14, among the movements due to the process of grov^th hself, in the words ‘ Here also belongs the 
hanging over of rapidly growing leaf and flower shoots, which, without exhibiting torsion, become 
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I'he plienomenon, in question, as later observations have shown, occ urs ver}- commonl v 
indeed in orthotropic organs, and those which grow rapid! j in length, but it is certainly 
an unwarranted exaggeration on the part of Darwin, who d.'signatcs it circnmniitation, 
to consider this as a universal property appertaining to all growing organs ; above all, 
it is certainly not true of normal and vigorously growing roots. That Dainviii 
ascribes circiimnutation to the latter depends on imperfect observation, since it 
may easily be demonstrated that his roots were improperly cultivated and diseased. 
I had, long before Darwin's observations, shown that the roots of terrestrial plants 
growing in moist air soon become diseased, assume abnormal conditions, and may 
then exhibit pronounced nutations which, however, are not to be observed in normal 
primary roots of seedlings growing in damp earth or in water. 

The nutations which take place during the unfolding of most foliage leaves are 
very conspicuous : so long as these belong to the bud at the apex of the shoot, 
their posterior side (outer, and subsequently under side) grows more strongly, 
a fact upon which the formation of buds depends. When now the oldest external 
leaves of a bud are about to unfold, the growth in length commences — and to this 
w^e may in this case consider the growth in surface of the lamina as due — to 
become stronger on the inner side (the subsequent upper side) than that of the 
dorsal side, and this continues till the leaf has assumed a horizontal or oblique 
position, in which it then becomes fixed. In most simple leaves the process 
presents little that is remarkable; in the large complex leaves of the Ferns and 
Cycads, on the contrary, the young leaves are rolled inwards at the growing-point 
like a helix, the lateral parts of the lamina each for itself showing lateral involution 
at the same time. With increasing growth the leaf-stalk and midrib, and likewise 
the lateral parts of the leaf, now become extended straight, beginning from below 
and proceeding upwards, so that in the middle stages of unfolding the tipper younger 
part of the leaf is still coiled up like a helix, whereas the lo^?er is already unfolded 
and extended fiat. At last the uppermost part of the leaf also becomes completely 
unrolled and extended ; however, in some Ferns the upper end of the leaf continually 
retains this involution, because a growing-point exists at its apex by means of which 
such a leaf is capable of a so-called unlimited growth in length. 

The long, filiform, and even branched tendrils of the cuciirbitaceous plants 
behave, with respect to their nutation, quite like the leaves of Ferns. Concealed 
in the young state between the leaves of the bud, they are coiled up into a helix 
with numerous turns; subsequently, proceeding from below upwards, they become 
completely unrolled and extended straight. The matter does not end here, 
however, but during the growth in length which still continues for several da}'S 
nutations make their appearance, causing the tendril to bend over in all directions 


bent in turns towards the east, west, north, and south, quite independently of the position of the siin, 
and altogether independent of the light (e.g. Allium Porrum^ A. Cepa, Brass ica napus, Linitm 
usitatisswmm), since it occurs even in profound and constant darkness.^ These short statements of mine 
were based on very detailed investigations, which, however, have not been published : cf. note 4, loc. df. 
also. Dutrochet, moreover, had already observed nutations in Pisum (‘ Comptes rend.’ T. xvii, 
1843, p. 989). Darwin subsequently made evident the significance of the nutation of twining and 
tendril-bearing plants, but did not recognise as such the spiral and spontaneous nutation of twining 
plants, whence arose his entirely false theory of twining. 



LECTURE XXXTI. 



548 

successively like the flower-stems described above. The advantage which not only 
these but also all other tendrils derive from this nutation we shall consider more 
closely later, when considering their phenomena of irritability. There I shall also 
show more in detail that the still in part obscure movements of twining shoot- 
axes, such as those of the Hop, Bindw^eed, Artsiolochm, Akehia, Menispermum and 
many others depend in part at least simply on nutations, or are introduced by 
such; if tips of shoots, 20-30 cm. long, of twining plants which have not as yet 
coiled round a support are cut off, and placed singly in tall glass cylinders 
with a little water, they grow on actively for some days, becoming coiled in the 
form of a spiral which not rarely exhibits 3-4 or more turns. However, I shall 
return to the details, merely mentioning this phenomenon now as a particular case 
of nutation^. 

As tendrils and twining plants derive advantage from nutation (which is indeed 
indispensable for the life of these plants), so also numerous plants derive other 

advantages from the often active nutations 
of their stamens. It is a very common 
phenomenon, especially in large flowers 
with long stamens, that the stamens, when 
the anthers are about to empty their 
pollen, undergo various curvatures as they 
grow, as is perceived unusually clearly 
for example in the Indian Cress (Tro- 
p(Eo!um)y md more in Diciamnus (Fig. 
347). These nutations of the stamens are 
frequently accompanied by corresponding 
movements of the style, and usually serve 
the puipose of giving the anthers that 
position in the flower which is necessary in 
the transference of the pollen by insects 
from one flower to the stigma of another. 

•The nutations thus present us with 
instructive examples of how a capacity of 
the plant conditioned by growth, and for and by itself useless, is found to be very 
common, and how certain plants then develope this movement further and make it 
useful for themselves, sometimes in order to live as climbing plants, sometimes in 
order to ensure their fertilisation. 

The majority of twining shoot-axes exhibit torsions — i.e. where angles or grooves 
project on the segments of the stem and at first run parallel with the axis of growth, 
they are subsequently found on the fully grown internodes in the form of spiral 
lines running round the shoot-axis. It is easy to see on internodes %vhich are grow- 
ing how the torsion gradually arises and proceeds ; but it would be very difficult 
without geometrical discursions to show the processes of growth through which the 

^ Concerning the spiral nutation of twining stems, statements in some detail are found in my 
^Notiz uher Schlingpjlanzen'' (Arb. des hot Inst, in Wzbg. B. II, 18S2, p. J'19) : further on, how- 
ever, in the fifth series of the present lecttires, I shall make these more complete on the basis of my 
most recent observations. 



Fig. 347.— Nutation of the stamens ciD-iciammts 
fraxinella : those the anthers of which have not 
yet opened are curved downwards, those with 
opened anthers up^vards. 
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torsions come 4 nto existence. A sufficiently clear idea of the matter may be 
obtained' by taking a straight piece of caoutchouc tubing or, a leaden tube, and 
fastening one end of it in some manner, while the other end is sefeed with the fingers 
or a pair of tweezers and then twisted. By this means the superficial layers of the 
,body will be subjected to elongation, while its axis, or middle line, undergoes no 
elongation at all, or if it is at the same time pulled in this direction, only a slight 
one. It is obvious that something similar must occur by means of the processes of 
growth during the torsion of the stem. 

Since then the internodes of a twining stem which are some distance from the 
bud are made to undergo torsion by growth, the bud and the youngest internodes 
which have not yet suffered torsion must be passively twisted or rotated around their 
own axis — a movement which may easily be demonstrated by observing one of the 
younger leaves from hour to hour: it is then seen that it is found first on the 
upper side, then for example on the left flank, subsequently on the underside, and 
Anally on the right flank of the oblique or horizontal freely suspended tip of the shoot. 
The torsions of twining plants must in some way be causally connected with their 
very strong and long-continued growth in length ; since even in shoot-axes which 
do not climb, and which in the normal condition are absolutely without torsion, it is 
possible to produce torsions by intensifying the growth in length k I pointed 
out twenty years ago in this connection that the seedling stems of the Gourd, 
Buckwheat, and other plants, when allowed to gro’w in profound darkness, w'herethey 
attain an enormous length, exhibit very evident torsions, and in consequence of the 
movements connected with this occasionally become wound around neighbouring 
objects of like kind, much as two twisted packthreads lying parallel and close 
together spontaneously wrap themselves round one another. 

The question has often been raised whether any difference in the growth of the 
plant by day and by night exists, and what it is. The question is in jtself more of 
practical than of theoretical interest. Its experimental treatment, which I accom- 
plished in the years 1870-71, gave me an opportunity, however, of going more deeply 
into the difficult problem of growth, since it was soon shown that this apparently so 
simple question is only to be answered when all the external and internal factors of 
growth are known and carefully balanced against one another ; and since my treatise 
concerning the matter i^tlher den Einfluss der Ltiftiemperaiur u?id des Tageslichfes anf 
die stiindlichen und idglichen Anderungen des LdngenwacJisihunts der Intermdien *) first 
provided a firm basis for investigations in this direction, and has become the starting- 
point of various investigations during the last ten years, it may be well to go some- 
what more in detail into the contents of this treatise®. 

‘ The influence,' I wrote, ^ which the varying temperature of the air and the 
periodic alternation of daylight and nocturnal darkness exert on the growth in length 
of internodes and leaves after they have passed out of the bud-condition, has often 

^ I first described the torsions of the stems of etiolated seedlings mentioned in the text in my 
treatise ^Uher deft Einjluss des Tageslichts auf Neubildung und Entfalfung' (Bot. Zeit., 1863, 2^® 
Beilage, p. 16 — on p. 17, to the left, however, the words 'von Cuenrbita'^ should be added after 
‘ das hypocotyle Glied eiiolirter Keimpjlanzen T 

^ The general considerations on growth here given in abstract are contained in my treatise first 
cited (cf. note i, p. 559). 
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been the subject of investigation, Christopher Jacob Trew, even so long ago as 1727, 
published long-continued daily measurements on the fiower-scape oi Agave americana^ 
combined with observations on the temperature and weather; but it was not till a 
hundred years afterwards that Ernest Meyer (1827) and Mulder (1829) gave a new 
impulse to investigation in this direction, and they were then followed by Van der 
Hopp, De Vriese (184 7-48), and others. The important questions, however, were 
gone into more thoroughly by Halting (1842), Caspary (1856), and Rauwenhoff 
(1867). 

^ These observations, industriously and perseveringly carried on, led to no definite 
answer, nor even to the establishment of an actually useful method, and a careful survey 
of them shows that scarcely any two obseiwers came to the same conclusion, and that 
the discovery of any causal relation of growth in length to temperature and light was 
in fact impossible, since on the one hand the questions to be answered were not put 
Avith sufficient clearness and definiteness, and on the other, the probable sources of 
error, and, accordingly, the difficulties of accurate observation, were left more or less 
unnoticed. Meanwhile there appeared another series of publications simply of 
repeated mea’Surements of lengths, no regard at all, or not sufficient, being paid to 
the external conditions, whence although some idea Avas obtained of the continual Avant 
of uniformity of groAvth during different days and at different times of the day, the 
causes of these were not registered : some observers, in fact, confined themselves 
to merely demonstrating the difference betAveen diurnal and nocturnal growth, 
not reflecting that ‘ day^ and ^ night ^ signify to the plant different and very variable 
complications of conditions of groAA^th, and that such a mode of stating the question 
cannot possibly lead to the discovery of causal connections, so long as the individual 
factors which are contained in the ideas day and night (so far as the plant is con- 
cerned) are not knoAvn. In this sense the contributions of Seitz, Meyen, Martins, and 
Duchatre, for example, are useless for our purpose. 

'I have,* though with considerable interruptions, been engaged since i869.Avith 
the completion of more exact methods of observation, and have attempted to classify 
and render clear the questions to be answered." 

This Avas done by means of the folio Aving considerations. ‘ With few exceptions 
the majority of observers of growth in length have selected parts of plants Avhich are 
remarkable for a very considerable groAvth in a short time. The huge floAvering 
stems of the Agaves especially afforded repeatedly, on account of their rapid groAA^th, 
the inducement to the making of such observations : such objects Avere selected 
because observers were satisfied simply to measure the groAvth in length AAuth a 
rule laid directly on the part of the plant observed. • But even granted that in the 
case of quickly growing plants sufficiently exact measurements are to be made in this 
manner in intervals of time of from one to several hours, still, other evils make 
their appearance of Avhich I Avill particularise tAvo only. In the first place, plants 
Avhich groAv so rapidly that even only four to six sufficiently exact measurements 
daily can be made, are rarely to be obtained : one is at the mercy of chance, 
and a methodical and connected series of observations can scarcely ever be com- 
pleted. In the second place such plants (e. g. Agaves, Musacese, Victoria regia) are 
usually so large that it is necessary to undertake the observations in greenhouses or in 
the open air, and therefore under conditions Avhere they are exposed to very large and 
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irregular changes of temperature, and light, 'and of the moisture, of the air, and soil, which 
it is quite impossible for the observer to regulate and to overcome. The comparison 
of the earlier observations shows that these circumstances have contrilmted in an 
important degree to make the results not only of difierent observers, but even of the 
same observer, conspicuously different and mutually contradictory. 

‘On these grounds I regarded it as the first problem to discover a method of 
observation which allows of the measurement of any chosen and even slowly growing 
small plant with sufficient accuracy, and where possible hourly. Suitable objects, 
completely'adapted for the purpose, are even in this case sufficiently difficult to 
obtain, but still may be prepared by careful cultivation in pots : once obtained, 
however, they may be submitted to observation in the laboratory under conditions 
which can be varied as may be desired. 

‘ The mode of putting the question here arises, as in all experimental invests 
gations, from the consideration of pertinent phenomena already known, whence may 
be drawn the conclusions *wffiich may possibly be expected. 

‘If the object is to gain information as to the process of growth in length 
of a part of a plant, in such a way that one obtains not only a connected idea of 
it from the beginning to the end, but is also able to criticise the effects which 
definite variations of temperature, illumination, and moisture induce, it is absolutely 
necessary to measure the growths during short intervals of time — i.e. in one, two, or 
three hours — and at the same time to know how the process of growth would have 
proceeded if these external causes had remained constant. 

‘That in the plant itself causes are active which, quite independently of the 
variation in external conditions, sometimes accelerate the growth in length, sometimes 
retard it, was moreover to be expected, and might be in part concluded from what 
was hitherto known. Harting had already found that the stems of Hops grow at 
first slowly and then more and more quickly, attain a maximum of rapidity, and then 
again grow more and more slowly till growth at length ceases. Munter also,"" 
although his numerous observations were made at very varying temperatures, 
recognised this fact,. and expressed it in these v/ords: — “In addition to the daily 
rhythm, composed of exacerbation and remission, an increase, climax and diminution 
{incremenlmrij ac7ne^ decrementum) of the intensity of growth take place. The lengths 
produced rhythmically at first increase, ascend to a certain height, and then diminish 
down to complete cessation.^' RauwenhofF, so far, has most definitely expressed the 
fact that in the course of a period of vegetation the growth of the stem first increases, 
attains a maximum, and then slowly ceases.' 

I then pointed out, from the statements of Harting, Munster and RauwenhofF, 
the existence of a grand period of growth, and demonstrated it for individual 
transverse zones of stems and roots — fact with which we have indeed already 
become acquainted above. The irregular variations of growth, subsequently 
mentioned over and over again, although without satisfactory result, by different 
observers, and apparently effected chiefly by internal changes, were likewise first 
formally expressed by me in this treatise: — ‘If then the grand curve of growth 
affords an example of how the rapidity of growth of a part of a plant becomes equably 
changed independently of external influences, or even in spite of them, it is to be 
insisted upon, on the other hand, that the powerful fluctuations in the growth in length 
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perceived in half-hourly or hourly observations indicate the existence of other internal 
causes which, likewise independently of external influences, aid in determining the 
rapidity of growth. I have designated this phenomenon as '' discontinuous variations 
of growth/^ 

'I have no doubt that the knowledge of the grand period, as well as that of the 
discontinuous variations of growth, will at some subsequent date be of considerable 
use for a theory of the mechanics of growth. Here however I have only brought 
forward both phenomena because a knowledge of them is absolutely necessary to the 
study of the effects of external influences on growth in length, and because the 
experimental establishment of causal relations is rendered extremely difficult by 
them. Given for example the case where a growing internode is observed in con- 
stant moisture and darkness but with variable temperature, then the differences of 
growth obtained in considerable periods (several days for example) are not to be 
taken forthwith as functions of the different temperatures, since the phase of 
the grand period is altering at the same time ; it may happen that the higher 
temperature (beneath the optimum) coincides with a smaller hourly or daily growth, 
because the internode at this time is in a condition where it is less capable of growth 
generally. It is easy to suppose, in order to avoid this difficulty, the plant ex- 
posed to different temperatures quickly one after another, and the phase-difference 
of the grand period thus reduced to a minimum; but the discontinuous variations of 
growth which make their appearance quite irregularly might sometimes increase, some- 
times diminish, the effect of the temperature on the growth, without our being in a 
position to decide how much is to be placed to the account of one or of the other. Very 
much the same difficulties would repeat themselves when the temperature is constant, 
with regard to the action of variable illumination or moisture in short periods of time. 

' This complication with internal disturbances, in cases where the object is to 
become acquainted with the effects of external agents on growth, makes it not only 
Necessary to multiply the number of observations enormously, but it also entails 
our being but seldom in a position to derive from the numbers expressing hourly 
growth any causal connection at all ; in order to ascertain this it. is necessary to draw 
these numerical values as co-ordinates, and the curves, properly constructed, then 
generally reveal the causal relations.' I then showed further in what manner the 
moisture of the environment may co-operate in influencing the rapidity of growth, by 
means of its influence on the turgescence of the cells, and how in considerations of 
this kind this fact has to be borne in mind. In the second place the influence of 
temperature on growth required quite special and closer consideration, wffiich I gave 
in the following words: — ^ That growth only begins when a certain lower temperature 
(the specific zero point) is passed, that it is accelerated so much the more the higher 
the temperature is, and that at a certain higher temperature, the optimum temperature 
(between 20"" and 30° C.), a maxinium rapidity of growth occurs, and that, moreover, 
as the temperature rises still further the gi*owths again decrease, I have already 
shown to be true for seedlings, and Koppen has confirmed it in his work quoted. 
Moreover Harting (1842) had already inferred from his observations a similar 
behaviour on the part of the shoots of the Hop, but without contributing convincing 
proofs of it, 

^ These facts are to be realised, so far as the problem lying before us is 
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concerned, only ln, so far that it must be noticed in the first place that temperatures 
below the specific zero-point exert no influence on. growth whatever, or, put better, 
do not allow it to take place, and that temperatures beyond the optimum act 
injuriously. Since, however, in the natural course of things temperatures above 
the optimum only seldom occur, and in experiments can be avoided, I shall in what 
follows pass over that entirely, and understand by higher temperatures only such as 
are below the optimum, and therefore favourable. That even within these limits no 
simple relation between temperature and the rapidity of growth exists, follows already 
from Harting’s investigations, and I have demonstrated it in detail elsewhere in the case 
of seedlings; and it is even obvious, because in view of the existence of the grand period 
and the discontinuous variations of growth, a simple proportionality between growth 
and temperature is inconceivable, when one and the same part of the plant is con- 
cerned at different times. In the present state of our knowledge only so much can 
be said, that, starting from the specific zero. up to the optimum, the rapidity of grow^th 
is the greater the higher the temperature. 

‘ When one speaks of the action of temperature on growth, it is tacitly assumed 
that the temperature indicated by the thermometer also actually exists in the growing 
part of the plant. Where roots are concerned, which are growing in soil and round a 
thermometer stuck betw^een them in the soil, the assumption is certainly warranted; 
such is not the case, however, when the temperature of the air, according to a 
thermometer suspended in it, is compared with the growth of a part of a plant in the 
air. Since the bulb of the thermometer as well as the part of the plant concerned 
owe their temperature to the conduction and radiation of heat, and these are certainly 
materially different in the two cases, for this reason alone it will occur but rarely 
that the temperature of the growing tissue is exactly given by the thermometer 
suspended near it To this is to be added that in an atmosphere not completely 
saturated with aqueous vapour the plant transpires, and thereby becomes cooled, and 
this does not lake place in the case of the dry thermometer ; on the other hand, how- 
ever, it is certain that a wet thermometer will be much more cooled by evaporation 
from its surface than the plant, the evaporation from which is much smaller in relation 
to the surface and mass. Unless the opportunity occurs therefore to plunge the thermo- 
meter into the observed internode itself (and that has never been done so far, and is 
impossible in the case of small plants), the thermometer near the plant gives the tempe- 
rature of the latter only in a very unsatisfactory manner. If the observation is made in 
the open air, in draughts and rapid variations of temperature, or under circumstances 
where the plant observed receives the direct rays of the sun, the temperature of the plant 
will often be very different from that of the thermometer ; but even this source of error 
is reduced to a minimum when the observation is made in a room with still air, slow 
and small variations of temperature, and in diffuse light. I shall indicate subsequently 
the means which I employed to render this error of observation as slight as possible. 

^ Quite apart from the fact that under certain circumstances the temperature of a 
growing sub-aerial part of a plant may be altered also by the temperature of the water 
taken up by the roots, and by the exchange of heat with the soil, the influence of the 
soil is of importance in yet another connection* If the air, and with it the part of 
the plant above ground, undergoes rapid and large variations of temperature, these 
make, themselves felt only slowly and to a less extent in the soil and roots ; by this 
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means, however, the turgescence of the plant may be altered; for instance, if the soil 
is very warm the roots take up much water and the turgescence is increased, if the 
temperature of the air does not suffice to cause active transpiration (such is the case 
for example in the evening after a ^varm day) ; on the contrary, the turgescence is 
diminished if, the temperature of the soil being low, the roots take up water slowly, 
while a warm wind or sunshine incites the leaves to transpire strongly (as, for example, 
after sunrise after a cold night). By the alterations of turgescence thus brought about, 
however, the recorded rapidity of growth will be affected at the same time. During 
observations in the open, alsoj these conditions may distort the result as to the effect 
of temperature, which is being investigated, until it is unrecognisable, and thus observa- 
tion in the laboratory again recommends itself, where the air is quiescent, and very 
slow and slight variations of temperature take place, to which the earth in the flower- 
pot can adapt itself: although under such conditions the temperature of the latter is 
usually several degrees low^er than that of . the air, the difference is nevertheless small 
and almost constant— -i. e. the temperature of the air and of the soil (in the pot) it 
represented as curves almost coincide." ■ 

A third category of influences affecting the daily course of growth occurs in the 
alternation of light and darkness — in the decrease and increase in the intensity of the 
light. ‘ Unfortunately,’ I said, ‘ we have as yet no convenient method of so measuring 
the varying intensities of light that the measurements are directly applicable to the ob- 
servation of plants: measurements of the brightness perceptible by the eye, even if they 
could be conveniently determined, would present something other than the required 
measurement of those rays of light which influence-growth in length; for these, as direct 
observation and the heliotropism occurring in coloured light show, are the blue, violet, 
and ultra-violet, that is, the inappropriately so-called chemical rays for which Bunsen 
and Roscoe have devised a method of measurement, the manipulation of which, 
however, for our purposes would entail great difficulties. Since it results from 
the determinations made by the observers mentioned, that the ‘‘ chemical intensity” of 
daylight, in general rapidly increases from sunrise to mid-day, to decrease thence 
till sunset again with similar rapidity, and since this suffices in the meantime for the 
purpose pursued by me, I have not undertaken any photometric measurements." 

From these considerations, now, we may preliminarily, at least presumably, 
put together what course the rapidity of growth under the influence of varying 
moisture, temperature and illumination may possibly assume. On this subject I 
expressed myself as follows : ' If we now attempt, on the basis of the observations 
made, to form for ourselves an idea of the course of growth (or of its graphic 
representation, the curve of growth) of an internode, which is exposed to the 
varying' and different causes of growth^ especially in the open, it is at once clear 
that the curve of growth may assume the most various forms, according as the 
different causes work in unison or in oppoMtion, and according as the growing 
member is in this or that phase of its grand period. In order forthwith to dispose 
of the often raised question whether growth is stronger or feebler during the 
night than during the day, and to render its meaning clear, we may attempt an 
analysis of the combinations of causes of growth and their effects denoted by the 
words day and night. As a rule the average temperature during the day is higher 
than the average temperature during the night; accordingly growth in the daytime 
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miist be more energetic than during the 'night* Day liglitj howeverj works in the 
opposite way, and the question will therefore arise whelher the intensity of the 
effective rays suffices to nullify the effect of the temperature. The result also appears 
to adapt itself according to the specific nature of the plant, since it is conceivable 
that some plants are more sensitive to light than others. In the daytime, also, the 
difference of tension of the aqueous vapour in the atmosphere is usually greater than 
i during the night, and transpiration is thus increased, and it may easily happen that 

j . turgescence during the day is less than at night, and growth likewise may be 

5 retarded thereby. The case might occur, therefore, that the growth during the day, in 

I spite of the higher temperature, was smaller than at night, and this will certainly be the 

i case if the temperature during the day is the same as that at night, or lower than that. 

If, on the contrary, the excess of temperature of the day as contrasted with the night 
! is very considerable, it is probable that the effects of light and transpiration will be 

! overcome, and that the diurnal growth will remain more energetic than the nocturnal, 

i although the latter is promoted by the darkness and, as a rule, higher turgescence. 

' We may further notice yet a few more extreme cases which are here possible. 
It might happen that the temperature at night was higher than that of the following 
day, and that at the same time rain falling during the night increased the turgescence 
to a maximum, while on the following day (the brightness being considerable) for 
example a cold wind prevailed; in this case the nocturnal growth would be the more 
intense. In the Spring-time or in Autumn it may happen that the air sinks during the 
night below the specific zero-point of the plant, so that the moisture and darkness are 
unable to promote the growth ; cessation then occurs, and growth takes place only 
I during the day when the temperature is raised sufficiently above the specific zero-point. 

^ If we further suppose the external causes of growth so distributed that they 
1 would not of themselves effect a too considerable difference of growth by day 

and by night, then the difference may be exactly compensated or even reversed by 
the different capacity for growth of the plant at different times, e. g. by the influence 
^ of’ the phase of the grand period. For instance, if an observed internode at night, 

? when the conditions are otherwise unfavourable, has attained its maximum growth 

^ (the apex of the grand curve), the growth on the following day may still be smaller, 

though otherwise the conditions are more favourable. 

^ These and numerous other combinations are possible, then, when W’-e compare 
only the average values of day and night. The number of possible cases is still 
j larger when the attempt is made to form an idea of the events from hourly obser- 

vations. If we suppose the grand curve of growth of an internode to be drawn, the 
j hourly alterations of temperature and the hourly alterations in the intensity of the 

f light, and of the psychrometric difference, will alter the course of the curve sometimes 

i in one way, sometimes in another: the curve, which during constant external 

conditions ascends and descends in the form of a simple arc, will become transformed 
;• into a much and variously zigzagged line, in the steps of which the daily and nightly 

? up-and-down oscillations of the growth are more or less clearly recognised ; the size, 

I form and position of these steps results, for the time being from the co-operation of 

r" temperature, moisture and light. 

I ‘These indications will suffice to show of how little use it is for observers 

I to simply establish in what relation the nightly and daily growth stand to one 
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another without exact investigation of the causes of growth. They show, more- 
over, how difficult and indeed impossible it is to infer the influence of any single 
co-operating factor (temperature, light, moisture, grand-period, periodic variations) 
from observations made in the open air or in green-houses, where all the causes of 
growth are at the same time subject to continual and violent variations. 

^The object of earnest research in this direction must on the contrary be simply 
this— to study the effect of each individual cause of growth in detail by itself: 
from this the common and natural course of the phenomena may then be analysed, 
combined, and predicted more exactly than was previously possible.' 

Since 1869 I had been much occupied with preliminary investigations for the 
measurement within short periods of the growth even of ordinary rather slowly 
growing-plants, by means of a new apparatus. Of those described in the treatise 
quoted I will here however only shortly describe the one represented in Fig. 348, 
wffiich I have designated the self-registering Auxanometer, since soon after my 
publication this instrument became the model for numerous other instruments for 
the measurement of growth, of which I consider only the one constructed by 
Baranetzky as an actual improvement. 

The apparatus is especially for the purpose of observing the growth in length of 
a sufficiently vigorous stem, in such a way that (i) the actual elongations are magnified 
for the purposes of observation, (2). a writing or registering of the growth in each hour 
is accomplished by the apparatus itself. Of course it is only possible after considerable 
practice, and with trained hands, so to use such an apparatus that it yields scien- 
tifically useful results. 

On a firm table stands a solid iron support Aj on which by means of a movable 
cross-bar the pulley r is movable : an indicator 0, consisting of a straw, is fastened 
to the pulley. The plant grown in a pot, is in this case surrounded by a suitable 
receptacle which can be opened in two halves and has a hole at the top for 

the thread : this receptacle is for the purpose of keeping the growing plant in the 
dark. Beneath the bud of the plant a pliant silk thread is attached by means of a 
loop, and this is hooked on to a piece of thin wire, which is again connected with a 
pliant silk fibre above : this thread passes over the groove in the pulley r. The small 
weight ^ hanging on the pulley serves to give the coupling an equal tension. 

It is now clear that if the plant _/ becomes slightly elongated the pulley r will 
revolve a little towards the left, and the apex of the indicator z therefore describes a 
proportionately larger path : for example, if the indicator is twelve times as long as 
the radius of the pulley, as was usually the case in my apparatus, then if the plant 
becomes elongated i mm., the indicator must describe a path of 1 3 mm,, and thus 
the growth is proportionately magnified for the observer. The apex of the indicator 
might of course be allowed to play on an arc of a circle of equal radius, and the 
successive growths be observed on the graduations of this arc. To spare the 
observation hour by hour, and for other advantages, however, I employed the 
hollow cylinder C, made of stout sheet metal, and so fixed on the upright axis a 
of the pendulum clockwork jD that it can be easily taken off : is the ,w^eight and 

/ the pendulum of this clockwork, which is for convenience so arranged that the 
cylinder C makes one complete revolution in exactly one hour, and that the clock- 
work needs to be wound up only once a day. Previous to the observation a 
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piece of paper />p is so affixed to the cylinder C that it shows no creases of any 
kind; this paper must be as smooth^ as possible on its outej* suriaccj so as not 
to hinder the movement of the apex of the indicator which is to mark on it. 



Fig. 348.— The self-recording; Auxanometer in its orig:inal fonn. 


Before the cylinder is fixed on to the clockwork, the attached paper is moved to and 
fro over the smoky flame of an oil lamp, until the smooth surface of the paper is 
completely covered with soot. After fixing, the cylinder, the indicator 2, the apex of 
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which is provided with a laterally directed style, is so arranged that the style rests 
lightly just beneath the upper margin of the^paper, and the clockwork is then set in 
motion. As the cylinder revolves, the apex of the indicator describes a line ^ on the 
blackened paper; when the second revolution of the cylinder begins the plant has 
grown somewhat during the hour, and the apex of the indicator has therefore fallen, 
and thus the second line which is now described on the paper lies at a certain distance 
below the first In this manner, hour by hour, a new line is described, and it is clear 
that the distances .between these lines can be used for obtaining, by the aid of certain 
geometric considerations, an exact determination as to the successive hourly elonga- 
tions of the plant. In order to attain this, the clockwork is finally stopped, and the 
paper cut off from the cylinder, the observer having first seized the apex of the 
depressed indicator and carried it upwards, across the paper on .the cylinder, in order 
to mark the path on which the measurements of the distances between the lines 
are to be taken. Immediately on its removal the blackened paper is drawn through 
a bath of a solution of colophony in alcohol, and then dried, when the necessary 
measurements can be taken. If the diameter of the cylinder is sufficiently large, 
however, and the indicator long enough, the errors of measurement in my apparatus 
are so small (as may easily be calculated), that they do not come into con- 
sideration at all if the experiment is properly conducted in other respects. More- 
over, in my treatise, I explained in detail all imaginable sources of error, which are 
to be sought far more in the nature of the plant than in the apparatus, so that 
subsequent observers who have given my apparatus a modified form have had the 
means of knowing in advance what were the important points. 

With the Auxanometer described, and other apparatus, I have for years past 
made hundreds of experiments, and thousands of measurements, the results of which, 
in spite of a few*’ insignificant differences of opinion, have received confirmation 
also from the careful observations undertaken by Baranetzky in 1879, wdth (as already 
mentioned) an actually improved apparatus h 

We started above from the question as to how growth proceeds by day and by 
night, and Fig. 349 will afford the shortest answ^er to this question. Since the essential 
points are mentioned in the explanation to the figure, I may confine myself simply 
to remarking that the rapidity of growth of a normal healthy stem attains a 
daily maximum in the morning soon after sunrise, that then the hourly elongation 
during the course of the day diminishes until evening, again to increase in rapidity 
as the darkness comes on, often even before sunset ; and this increase of growth 
continues until after sunrise, when the maximum is again reached. In this con- 
nection the fact indicated in the figure by the dotted line 32: is especially interesting; 
it shows that while the temperature gradually falls during the course of the night, 
the rapidity of growth on the contraiy may simultaneously increase. The contrary 
may also be observed, that while the temperature is slightly rising, a diminution 


1 J. Baranetzky, ^ Die tdglkhe Periodicitdt im Langenwachsthum der StmgeV (Mem. de i'acad. 
imp. des sc. de St. Petersbourg, Vile serie, 1879). There also is described and figured the improved 
Auxanometer referred to. With respect to the view proposed by Baranetzky that the periodicity in 
the dark is an after-effect of the preceding illumination, it is absolutely necessary to read carefully 
the treatise itself, and particularly pp. 16-18, since bis preliminary publication (Bot, Zeit., 1877, 
p* 639) omits just the most decisive facts. 
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^ of growth occurs ; or, in other wwds, the daily period indicated, the increase 

of growth during the night, and the progressive diminution during the day, cannot 
be regarded as a result of the daily variation in temperature. This fact, however, 
comes out sharp and clear only when the hourly variations of temperature are by 
tenths of degrees, and only amount to a few w^hole degrees in the course of the day : 
where the variations in temperature are large, the movement of the curve of growth 
follows in the main the ups and downs of the curve of temperature, and this is the 
chief reason why the daily period, which is independent of temperature, w’^as either not 
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Fig. 349.— -The curve i % represents the hourly growth^ and the curve 34? the growth every three hours of a shoot-axis 
of Dahlia. The curve t indicates the temperature. On the abscissa* 6« denotes 6/.w . ; xsu*= midnight ; 6 a.m. ; 

and =»noon. The dark areas correspond to the night, the light ones to the day. 

recognised at all or only. indistinctly by the earlier observers, because their plants 
vrere exposed in the open to variations of temperature which were for the most 
part very large. 

On the other hand, however, the assumption suggests itself that the daily 
period of growth, so far as it is independent of variations of temperature, may 
be chiefly induced by the daily alternation of illumination ; for that the light causes 
a retardation of the growth of stems and green leaves may be proved in various w^ays, 
and since the plant remains exposed to light from sunrise till evening, its retarding 
effects would assert their influence more and more in the course of several days, 
i. e. the hourly growths would become smaller and smaller. When, however, the 
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intensity of the light decreases in the evening, and the darkness of night follows, the 
retarding action of the light does not disappear instantaneously, but the forces of 
growth, now set free as it were, obtain more and more the upper hand in the plant, 
and the growth is accelerated until the morning, attaining a maximum until the 
moment when the increasing intensity of the light is again in a position to exert its 
retarding influence. A series of observations made by Prantl on normal green 
foliage'-leaves yielded exactly similar results for these also. , 

But however satisfactory this explanation appears to be (and it is certain that 
the alternations of light and darkness co-operate in the way referred to), further observa- 
tions show that even quite independent of the daily variation in illumination, a daily 
increase and decrease of growth nevertheless takes place, e.g. in continuous dark- 
ness, I had ascribed this fact, which I was the first to observe, hypothetically to the 
circumstance that my observing-chamber did not admit of complete darkening ; but 
the very detailed observations of Baranetzky allow of no doubt with respect to this 
very point, that a periodic up-and-down variation of the hourly growth in length 
takes place entirely independent both of temperature and of light. Baranetzky, 
however, is inclined to regard this periodic variation, which still exists even in 
constant darkness, as an after-effect of the previously existing daily light-period, for 
which, moreover, he adduces various apparently plausible reasons ; but, apart from 
other objections, Baranetzky himself has brought forward the fact that in the case 
of completely etiolated shoots, which had been developed in the dark from the begin- 
ning, from tuberous roots of Brassica rapa, the periodicity came out if possible still 
more sharply than with normal shoots of the same plant. This single fact suffices 
completely to set aside the theory of after-effects, since no one, probably, would 
be inclined to believe that we have here an after-effect which has been for a 
long time latent, so to speak, in the bud. That would be much as if a pen- 
dulum commenced to swing spontaneously after it had been standing still for some 
time. Moreover, Baranetzky himself adduces the fact that in different plants of the 
same species the appearance of the maxima in the dark is observed at very different 
times of the day, although in normal daily illumination this does not occur. 

I, on the contrary, am of opinion that in the plant, or at any rate in its grow- 
ing parts, periodic variations occur in some way quite independent of variations of 
temperature and of light; and these, as I conclude from Baranetzky^s observations, 
may continue for periods of very different lengths. If now the plant is subjected to 
the regular alternation of day and night, and the variations of temperature aie very 
small, the above-mentioned influences on growth make their appearance, by wffiich its 
maximum is transferred to the morning hours, and its minimum to the evening, 
the above-mentioned periodicity arising from purely internal causes being concerned 
as the weaker factor in a definite daily period of time. So long ago as 1863 I gave 
a very similar explanation of the spontaneous periodic movements of foliage-leaves. 
There also a periodic up-and-down variation takes place in constant darkness, but 
this, through the alternation of day and night, is modified to a daily period. However, 

I shall return to this point later on. 

Of special interest is the fact demonstrated by Dr. Vines ^ in my laboratory, ■ 

^ Sydney H. Vines, ‘The Influence of Light upon the Growth of Unicellular Organs’ (Arb, 
des hot. Inst, in Wzbg. B. II, pp. 133, .&c.). 
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that ill the, case. of Phycomyces nitens i^i^, 3, ^.,5) one of the J^fucors already so 
often mentioned, and a plant not only devoid of chlorophyll but also a non-cellular 
one, a direct action of light on the 
rapidity of growth occurs of such a 
kind that even light of feeble intensity 
causes a retardation of the growth in 
the course of a single hour, while a 
similarly short period of darkness ac- 
celerates it. Here also, just as in the 
case of the highly organised plants, 
it is the more refrangible rays of the 
light, the blue and violet, which retard 
the growth — a point to which I have 
already expressly referred — while it is 
chiefly the less refrangible rays, the 
yellow, which cause assimilation in the 
chlorophyll. Since this is a very im- 
portant point in vegetable physiology, 

I may take this opportunity of describ- 
ing the apparatus which I have con- 
structed for the purpose of such measure- 
ments of growth on small and simple 
plants, and with which Vines made 
his observations. The apparatus here 
figured (Fig. 350), although constructed 
on exactly the same principle, is still 
more convenient. On a very strong, 
firm, wooden tripod, a thick slab is 
arranged by means of the triangular 
prismatic foot so that it can be 

moved vertically and fixed. On the 
slab stands a very firm cathetometer 

the horizontal telescope of which 
affords an enlargement of about fifteen 
diameters, at 12-20 centimeters focal 
distance. The apparatus P is a, very 
strong and carefully constructed clock- 
work, which is for the purpose of allow- 
ing a vertical axis wdiich supports a 
horizontal brass plate to make exactly 
one revolution in an hour. On this 
plate is placed the plant to be ob- 
served, in our case, for instance, a 
Phycomyces bearing sporangia, which 

grows on a piece of bread, and is covered with a glass bell-jar C. The telescope of 
the cathetometer, which contains a micrometer scale on which o-i mm. can be read 

[3] 00 
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offj is now SO fixed that the observer sees distinctly one of the erect hyphas 
with its sporangium, and that its apex apparently touches one of the division 
lines in the telescope. The clock-work is now set in motion: the plant on the 
plate revolves once in exactly one hour, and then comes again into the field of 
view of the telescope, and the growth which has taken place during one hour is 
now marked by the displacement of the sporangium on the scale; and so with each 
successive revolution. The measm*ements made hourly on this species then give 
an idea of the course of growth in the thin hyphse of this Fungus, each consisting 
of a single vesicle only. Since these objects not rarely elongate 2-3 mm. in an 
hour, while it is possible to measure less than o- 1 mm., we obtain an exactitude 
of measurement quite sufficient for our purpose. It may now be asked, for what 
purpose the revolution of the plant by means of the clock-work is necessary; this 
is simply in order that the plants shall grow quite vertically upwards; for they 
would not do this if they were exposed to illumination on one side from a 
window, but would bend over towards the window, and make any measurement of 
their growth impossible. By means of the slow revolution, however, the observed 
part of the plant is successively illuminated . on all sides during the course of 
the horn*, and this acts exactly as if it received equal light from all sides. Hence 
no heliotropic curvature takes place. I regarded it as an important advance 
when, in the year 1873, I first hit upon the idea of entirely doing away with 
the heliotropic curvatures, so exceedingly disturbing in observations on growth, by 
means of such revolutions on a horizontal disc. 

It is of course obvious that the glass bell-jar C may be replaced by an opaque 
vessel, or, what is better, on account of the susceptibility of the object towards the 
atmospheric moisture, the glass vessel may be retained and an opaque receptacle (of 
cardboard for instance) placed over it. In this way the small plant may be exposed 
alternately for one or two hours to the influence of light or of profound darkness, or 
different coloured glasses may be interposed to demonstrate the effect of lights of 
various colours, and so forth. 
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A.S an example of the course of such a series of observations I subjoin a table and 
the corresponding curves drawn from observations made by Vines (Fig. 351). 
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MECHANICAL CAUSES AND EFFECTS OF THE GROWTH 
OF CELLS AND ORGANS. 

When vegetable cells pass over from their young condition into that of more 
rapid growth, or we may also say when organs pass out of the embryonic state into 
that of elongation, the taking up of water into the interior of the cells plays a 
particularly important part. A longitudinal section through a root or a shoot, which 
takes in at the same time the growing-point and the older parts of the organ, shows 
at once that with the increasing volume of the growing cells the water in their interior 
also increases, and exactly the same is observed in isolated living cells of Algae and 
Fungi \ The increase in volume of the vegetable ceils corresponds almost exactly 
with the quantity of water passing into their interior. It has already been mentioned 
that the very young cells of embryos and growing-points, as well as the youngest 
organs, are entirely filled with protoplasm and cell-nucleus; in proportion as they 
increase in length, breadth, and volume generally, the water of the cell-sap increases, 
and the mass of protoplasm becomes more and more insignificant ; the at first 
solid protoplasmic body becomes changed into a sac filled with water and which is 
closely applied to the cell- wall, as shown in Fig. 352. The cell-wall at first, where the 
increase in volume of the individual cell or of a multicellular organ is concerned, 
continually increases in extent only, without obtaining essentially in thickness. Only 
w^hen the increase in volume of the cells has ceased does the subsequent growth in 
thickness of the cell-wall begin : a fact of the highest significance for the theory 
of growth generally, and of fundamental importance, since it implies essentially that 
growth in surface of the cellulose walls takes place only so long as the latter are 
still exceedingly thin and accordingly extensible: strongly thickened cell-walls are 
no longer capable of increasing in extent. These facts may be directly established 
by microscopic observation, and there can be no doubt as to their mechanical 
significance; moreover Gregor Kraus has also demonstrated the fact mentioned 


^ The contents of this lecture have in the main, but much more in detail than here, been already 
published in the third and fourth Editions of my ^Text-book’ under the title ‘The Mechanics of 
Growth/ and in cases where the special literature is not quoted here, I refer once for all to that 
chapter. There, for the first time, the growth of the cells and tissues in combination was con- 
sidered from the mechanical point of view. With respect to tissue-tension, the last part of my 
der JSxjfi. {186s) Ttiay he consulted, 
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experimentally, by determining the dry weight of growing parts of various agesb 
By this means he obtained the following results, agreeing with what has just 
been said. 

"In a growing shoot or internode, the percentage amount of the contained 
water continually increases from the youngest internodes to those which are 
older, up to a maximum, and then gradually diminishes again;' this decrease occurs 

" only when the growth in 
length ceases, and the organ at 
the end of this growth contains 
most water;' i. e. the decrease 
of the water per cent, at the 
conclusion of growth in length 
coincides with the thickening 
of the cell-walls which now 
makes its appearance, and in 
part also with the deposition of 
dissolved or solid matters in 
the cell-contents. It need only 
be added that all this is true 
not merely of the internodes of 
the shoot, but in exactly the 
same way of the leaves, and of 
the transverse zones lying one 
behind the other in a root- 
fibre. The quantity of water 
which young organs may have 
gained at the end of their 
growth in length and surface 
is shown particularly clearly 
by weighing seedlings, in the 
fresh and dry states, at the 
time when all the reserve- 
materials have been consumed 
by growth ; it is then found 
that such young plants of the 
Beet, Bean, Maize, and other 
species sometimes contain only 
4—5 % dry weight, and 
similarly, completely developed Mushrooms and submerged water-plants are also 
found to be extraordinarily rich in water in the later stages of growth. I have 
found further that pith (parenchymatous tissue) from the interior of various plants, 
e. g. Senecio umhrosus, which at first contained 4-23 7 o of solid substance, when 



FIG, 352.— Parenchyma cells from the median layer of the cortex of the 
root of Fritillaria imjperzalis (longitudinal sections X S5o). A very young- 
cells situated close above the apex of the root, still without cell-sap. i?the 
same cells about 2 min. above the apex ; the cell-sap s forms isolated drops 
(vacuoles) in the protoplasm/, plates of protoplasm lying between them. C 
the same cells about 7—8 mm. above the apex ; the two cells to the right 
below are seen from in front, the large cell to the left below in optical 
section ; the cell to the right above has been opened by the section, and 
' its nucleus is affected by the penetrating water and exhibits a peculiar 
swollen appearance. 


’ Gregor Kraus, " tJber die Wasservertheilung in der PJlanze^ in Festschr. der naturforsch. Ges. 
in Halle, 1879. 
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laid , in water, became very considerably elongated by., growtii, and at last possessed 
only I-9 7 7 o of solid substance. 

The facts here mentioned allow us to explain in the first place why active 
growth in plants is only possible when the supply of water is abundant. When, in the 
Spring for instance, the buds of trees, rhizomes, and bulbs unfold, and in the course of 
a few^ days numerous shoots cover the gardens, woods, and fields with their leaves, 
this process consists chiefly in an extension by means of water of the small organs 
already existing in the winter-buds. Just as a small soap-bubble grows as the air is 
■ driven in, and its volume increases a hundredfold or more, so the cells of these 
organs become distended by the water taken up ; but of course even this comparison 
falls short of the truth, like others, since the cell-walls distended by ^vater do not 
become proportionally thinner as they increase in extent, as does the wall of a soap- 
bubble, but grow with the increase in extent in such a manner that they rather 
perhaps increase a little in thickness. 

A second fact of fundamental importance for the growth of the cells and tissues 
is this, that they grow only when turgescent. Turgescence is, if not the only 
cause, at any rate one of the most important causes of the growth in surface of the cell- 
w^alis; or in other words cell- walls only grow in surface — i.e. the organs elongate and 
become broader — only in proportion as the water contained in the interior of the 
cells strives to press the cell-walls outwards, or to stretch them. We have already 
(Lecture XIII) learnt to know this condition of the ceils as turgescence, and, 
to repeat, we understand by this term the hydrostatic pressure which the cell- 
sap exerts on the cell- wall, so that the extensible but at the same time elastic 
cell- wall becomes distended. It is obvious that by means of the elasticity of the 
distended cell- wall a contrary pressure is exerted on the cell-sap which stretches it, or 
mutual tension occurs ; it is this condition which we designate turgescence, and 
since experience teaches that ceils only grow in extent if they are turgescent, we thence 
conclude that turgescence is one of the most essential causes of growth : the cell-wall 
grows in the direction of its circumference only so long as it is stretched by the 
watery cell-sap. The turgescence will cease at once if the growing cell-wall, 
by the deposition of new particles of substance in it, actually assumes the form 
which has become forced upon it by distension; but as the cell-wall grow’S in 
extent new water is continually being taken up into the cavity of the cell, and thus the 
already larger wall becomes again distended, and thus the tension due to turgescence 
is maintained even in the growing cell, until finally another condition comes in where 
the cell though turgescent grows no more, or where, through the growth of the cell- 
wall, its passive extension is compensated without further distension being produced 
by the entrance of fresh water. In these two cases the cell, or the growing organ, 
is fully grown, i. e. it increases no more in surface, though the thickening of the 
cell-walls may now begin, and the relations of rigidity especially become altered 
as described in Lecture XIIL 

It was further stated there that the turgescence of vegetable cells depends upon 
three things (i) By means of the .endosmotic action of substances dissolved in the 
cell-sap, water is continually being absorbed into the cell from without ; this is the 
moving cause of the whole process; (2) The water forcibly absorbed into the cell, in 
spite of the strong pressure which it exerts, must not filter out again, and this is 
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prevented by the peculiar properties of the protoplasmic*sac lining the cell-wall; 
(3) Although the sac of protoplasm itself prevents filtration, it is true, it would be 
more and more distended by the water forcibly entering by endosmose, were this 
not prevented by the firm elastic cellulose wall which surrounds it. The protoplasmic 
vesicle does not allow filtration, but it is exceedingly extensible ; a limit is imposed 
to its actual extension, however, by the slight extensibility and great elasticity of 
the cellulose wall, which how'ever on its part permits filtration to a large extent \ 

It is now important to make out by means of what forces the water is absorbed 
from without through the cellulose wall and the protoplasmic vesicle. We know so 
far of no other cause for this than the attraction which the substances dissolved in the 
water of the cell, and in part contained in the wall itself, exert on the surrounding 
water': by means of this attraction the molecules of water are drawn through 
the cellulose wall and the protoplasmic sac into the interior of the cell, and increase 
the volume of the sap, which therefore presses the walls outwards. Since, how- 
ever, the cellulose walls in virtue of their elasticity oppose considerable resistance 
to this pressure, the entrance of the water must take place with still more consider- 
able force; or, in other -words, the endosmotic attraction must be greater than the 
elasticity of the cellulose walls. It has been found that this endosmotic attraction 
may attain considerable magnitude, so much in fact that the absorbed water may exert 
a pressure of 6-7 atmospheres on the surrounding wall — ‘i. e. the cell-wall under these 
circumstances must behave as if a column of mercury 6-7 times as high as the 
barometer column were pressing on it from within It was formerly believed that 
such powerful endosmotic effects could only arise if the cell contained large quantities 
of dissolved substances ; and it was also assumed that it is chiefly substances of the 
nature of gums, sugars, or proteids which bring about the endosmotic action. But 
the investigations of Pfeifer have shown that crystallisable salts under the circum- 
stances here given exhibit far greater endosmotic force than the organic substances 
mentioned; that, for example, saltpetre acts much more vigorously, and that 
even very dilute solutions of this and other salts exert vigorous endosmotic action. 
Subsequently De Vries pointed out good reasons for believing that in the turgescence 
of the growing parts of plants the vegetable acids or their salts are especially 
important; in fact, as I had already shown in 1862, all parts of plants which are 
actively growing in length have an acid reaction ; and Graham had pointed out that 
the organic acids common in the plant, and their potassium salts, are remarkable for 
their attraction for. water, and according to De Vries sensitive phenomena in motile 
organs of plants are accompanied by an increase in the acid reaction, when an 
increase of turgescence is taking place at the same time 


^ The difference in the significance of the protoplasm and the cellulose wall for the processes of 
diffusion in living cells was first recognised and thoroughly worked out by Naegeli, in his treatise 
on the ‘Primordial Utricle'' (Pfianzen-physiol. unters, von Naegeli imd Cramer, H. I, 1B55, p. i). 
The principal subsequent workers on this subject have been De Vries {^‘Sur la permeabilite du proto- 
plasma des hetteraves rouges^ Arch. Neerlandaises, VI, 1871, p. 117), and Pfeffer Osmotische 
Untersiichungenl 1S77). 

^ Very detailed statements on the magnitudes of endosmotic force and the resulting turgescence 
of the cells are found in Pfeffer’s ‘Osmot. Unters,f Leipzig, 1877. 

® Hugo deVries, ‘ Uber die Bedeutung dsr PJianzensduren filr den Turgor der Zellen^ Bot. 
Zeit., 1879, P* ^ 47 * 
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These statements of Pfeffer and De Vries harmonise completely with my experi- 
ments, according to which the strongest turgescence is to be obsei-vcd in just such 
parts of plants, the dry weight of which amounts to only a small percentage, which in 
the main are to be put to the account of the cellulose walls and tlie protoplasm, so that 
only a very small proportion can come from the substances dissolved in the cell-sap. 

If from our theoretical considerations it results that within a growing cell or a 
growdng mass of tissue such a tension exists between the sap and the cell-wall, we must 
also suppose that on the cessation of this tension the cell- wall must contract, and the 
part of the plant concerned diminish in size, and if the extension due to turgescence 
has taken place chiefly in the longitudinal direction, a corresponding shortening 
must take place on the cessation of turgescence. There is, however, a very simple 
means of stopping turgescence : it is simply necessary to prevent the addition of 
water to growing parts of plants, and to promote the evaporation of water from the 
cells; in this case, as already explained, parts of plants which are fllled with sap 
droop and become flaccid, and measurement shows that internodes and roots in this 
condition are considerably shortened. The cells which become contracted by the 
evaporation of the water of their cell-sap behave like a soap-bubble, which, hanging 
from the blow-pipe, contracts and drives back a portion of the inflating air and thus 
becomes smaller. This shortening on the cessation of turgescence, then, is effected 
by the elastic contraction of the cell-w'alls which had been previously extended by the 
water which had penetrated by endosmose. At the same time, the diminution of 
turgescence must cause cells and tissue-bodies to become more extensible, just as 
a strongly inflated caoutchouc balloon when it loses air again becomes extensible and 
flaccid (cf. what was said in Lecture XIII). It must also be admitted as a further 
consequence of our theoretical considerations, that a non-turgescent and drooping part 
of a plant cannot grow, since otherwise our theory would be false; but it has 
already been stated above that, as a matter of fact, only turgescent organs grow, and 
it is easy to convince ourselves by measurements that roots and leaves which have 
become flaccid and droop do not grow. Indeed a marked flagging is not necessary 
to arrest groxvth, but only a certain diminution of turgescence: for example, if 
plants are cultivated at a window, and the soil in the flower-pots kept continually 
nearly air-dry for weeks and months, then although the leaves remain fresh to a certain 
extent, the young shoots do not grow ; and something similar is observed in the 
open in the Spring when the air and the soil are for some lime persistently dry. 

We have to thank De Vries for exact and very careful investigations on the 
significance of turgescence for growth in length. -From his ^ Uniersuchungen ilher 
die mechanischen Ursache?! der Zellsireckung'^' I may quote the following. If growing 
parts of plants are laid in certain salt-solutions, they lose their turgescence completely 
in two or three hours, contracting at the same time. Young shoot-axes may 
thus lose 4 or 5 % of their length. As solutions particularly suitable for this 
purpose De Vries mentions those of saltpetre and of common salt. The shortening 
mentioned, accompanied no doubt with a thinning of the part, that is the total diminution 


^ Hugo de Vries, ^Unters. uber die mechanischen Ursachen der Zellstrechmg^ Leipzig, 1S77, 
a treatise which must be studied by any one desirous of making himself acquainted in detail with 
the mechanics of growth. 
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of volume, indicates how much the cell- walls were extended by the turgescence. As 
I have already shown in Lecture XIII, and as is to be observed in the accompanying 
figure (Fig. 353), the protoplasm becomes withdrawn from the cellulose wall through 
the action of the solution (containing from 5-10 7o of salt), at first here and there, and 
then on all sides, since* the cell-sap gives up a great part of its water to the salt- 
solution ; this latter penetrates through the cell- wall, but cannot enter into the pro- 
toplasmic sac, but draws the water of the cell-sap from this: the sac thus contracts, 
closely surrounding the cell-sap, which has now become more concentrated. The 
pressure which the sap enclosed in the protoplasm previously exerted on the cellulose 
wall herewith ceases, and the cell-wall left to itself then contracts back to its natural 
size; its elastic contraction is here certainly less than that of the protoplasm, 
relations which become clear at once on careful consideration of the accompanying 
figure, borrowed from De Vries. It is also obvious that by means of feebler 
action of a salt solution, or by feeble evaporation which acts in a strictly similar 



Cefhalaria lettcant?ia. a. The same cell in a 4 q solution of potassium nitrate. 3. The 
same cell in a ^ solution. 4. The same cell in a 10 0/0 solution, i and 4 after nature; 

2 and 3 diagrammatic. All in optical longitudinal section. A cell-wall; j> protoplasmic 
lining of the wall ; & cell-nucleus ; c chlorophyll-grains ; j cell-sap ; e salt-solution wliich has 
passed through the cell-wall (De Vries). 

manner, only a partial stoppage of turgescence wall take place, no withdrawal of 
the protoplasm from the cell-wall necessarily occurring at first; as soon, however, 
as this does occur, even if only here and there, turgescence ceases. 

According to De Vries, if any part of the plant, young stem, or root, rendered 
flaccid by plasmolysis, is again brought into pure water, the penetrated salt-solution 
graduall}^ soaks out, the protoplasmic sac again takes up pure water into its 
interior, becomes distended, and applies itself on all sides to the interior of the 
cellulose membrane, and as this assumption of water and absorption proceed further, 
the cellulose membrane also becomes again extended, the condition of turgescence 
begins anew^, and the part concerned obtains practically the same volume, and 
above all the same length, which it possessed before the investigation. That no 
injury to the organ takes place here the investigator named has sufficiently demon- 
strated, and it is unquestionable that the object again becomes turgescent, and then 
begins to grow anew, and that this growth may even be considerable. 

** The importance of turgescence for growth — in other w^ords, the importance 
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of the passive extension of .the cell-wall for its.p.roper growtli— as I had previously 
concluded on other grounds, was demonstrated by De Yries particularly by the estab- 
lishment of the proposition, that * the rapidity of the growth, in length in the partial 
zones of growing organs rises and falls with the magnitude of the extension caused 
by tiirgescence.' That is to say, the extension due to turgescerice first in^:reases in 
passing backwards from the apex of a shoot or of a root, attains its maximum in the 
region of most active growth, and diminishes thence towards the base, just as does the 
• partial growth ; at the boundary between the fully-grown and the growing region lies 
also the limit of extension due to turgescence. In order to comprehend this matter 
quite clearly, it is necessaiy to refer to what I said in the preceding lecture concerning 
the distribution of growth— the partial growths. Finally it need only be mentioned that 
the contraction of a growing organ in the salt-solution, and its subsequent re-extension 
in pure water, is to be regarded in the first place only as the measure of the existing 
extension of the growing cell-walls, but not as a measure of the magnitude of the 
force of turgescence. This is at once clear on again referring to a non-cellular 
plant — e. g. the Phycom^ces already mentioned so often : evidently the turgescence 
in the much branched utricle of which this plant consists is everywhere equal in 
magnitude, though extension of the membrane is only actually taking place at the 
growing ends of the utricle. 

So much at any rate follows definitely from the considerations and facts so far, 
that vegetable cells only grow when their cellulose walls are passively extended by the 
pressure of the cell-sap, and therefore that this extension is an essential mechanical 
cause of the growth itself. 

It appears, however, that in certain layers of tissue in the more highly organised 
plants, the passive extension which is necessary for growth may also be produced in 
another way, as we might conclude from the fact of the tension of the tissues, which 
has also already been described. From the phenomena which result on separating 
the various layers of tissue of a growing shoot- axis, it follows that the epidermis, as 
well as the vascular bundles and the as yet non-lignified strands of sclerenchyma, 
are subjected to continual passive extension, due to the much more rapid growth 
of the soft parenchyma, especially the pith. Although some points still remain 
doubtful, we may nevertheless assume that this passive extension of the epidermis, 
vascular bundles, and strands of young sclerenchyma by the growing parenchyma, 
is to be looked upon as an important factor in the growth of these passively 
extended portions of tissue. 

We previously noticed the tensions of tissues only in so far as they affect 
the rigidity and elasticity of the young growing shoot-axes and leaves, and it 
has only to be added to this that the rigidity even of many fully-grown parts, par- 
ticularly of petioles and the ribs of leaves of the Dicotyledons, depends even in the 
fully-grown condition on these tissue-tensions. 

Now, however, we have to regard the tissue-tensions as a mechanical 
property of the growing organs of multicellular plants, and to see in what relation 
they stand to growth itself. In the first place, so much is certain, that the parts 
of plants concerned only grow at all so long as tissue-tensions exist in them: 
if these are destroyed by doing away with the turgescence in the parenchymatous 
tissue, the growth ceases also, and the more pronounced the turgescence of that 
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tissue, the more energetic the growth tends to be. On the other hand, however, 
it is of importance to note that the tissue-tension itself is called into being by differ- 
ences in growth, especially differences in the lengthening of the various layers of tissue. 
It begins with their histological differentiation behind the growing-point, and the 
further this differentiation of epidermis, vascular bundles, strands of sclerenchyma, 
and parenchyma proceeds, the more pronounced also, up to a certain point, is the 
of tension, or, put better, the differences in length of the layers of tissue which *make 
their appearance when the layers are separated. But when the vascular bundles and 
layers of sclerenchyma have become lignified, and the growth in length of the 
whole organ at this place therewith concluded, the tissue-tension may still persist, 
though on the separation of the layers the difference in length is not so great; for 
it is obvious that a very strong tension may be existing in the tissues when only 
very small or even unmeasurable elongations and shortenings occur on the separa- 
tion of the layers, for this only demonstrates that the extensibility of the tissues in a state 
of tension towards one another has diminished. We must not therefore regard the 
changes in dimension on the separation of the layers of tissue forthwith and generally 
as the immediate expression of the force of tension ; that would only be possible 
if the extensibility remained the same at different ages, which is not the case. 
In spite of this objection, very important for the specialist, it is nevertheless 
necessary for the understanding of the mechanical properties of the growing parts of 
plants to return once more to the most important phenomena of the tension of 
tissues ^ even if only to afford the reader a general idea. For this purpose I 
may take the following statements from my ^Handbuch der Experimental Physiologie' 
(1865). In the first place a portion of the shoot-axis under consideration was 
measured, then the tissue-layers mentioned were cut out, and these also measured. In 
the following tables the original length of the part is regarded as 100, the shortenings 
being denoted as negative and the lengthenings as positive numbers per cent. 


Plant, 

Number of inter- 
node, proceeding 
from youngest 

1 Alteration in length of the isolated tissues m 
percentages of the parts measured. 


to oldest. 

Cortex. 

Wood. 

Pith. 

JSficotiana Tahacum . . 

I— IV 

— 5*9 

— 1*5 

+ 2.9 


V— VII 

— 3.1 

— I»I 

+ 3*5 


VIII— IX 

— 3*5 

— 1.5 

-j-o- 9 * 


X— XI 

— 0.5 

—0.5 • 

4 " 2*4 

Sambucus nigra . . . 

I 

^2.6 

■ — .2.6 

+4.0 


II 

— . 2.0 

— 2.8 

+ 55 


III 

— 1.5 

— 0-0 

+ 1-5 


Similar shortenings of the external layers of tissue, and lengthenings of the 


^ A more detailed discussion of the idea of the intensity of the strain in tissue-tension, and above 
all as to the fact that the mere changes of length of the separated strips of tissue only present a 
measure for the prevailing forces if the extensibility of the compared tissues remains unaltered, as 
well as on other considerations appertaining here, are to be found in my ^Lehrhtichl Aufl. IV, 1874, 
p. 763, There also are to be found numerous examples of the behaviour of the separated strips of 
tissue of growing parts of shoots. 
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parenchyma, may easily be demonstrated in growing petioles, especially those of 
considerable length and thickness, such as those of the Beet, Rhubarb, FMo- 

dendroftj See* 

, If a growing internode or leaf-stalk is split by means .of a lon.gitudmal.'.section,. 
or by two sections at right angles, the parts curve concave outwards, because the pith 
side is extended and the epidermis contracts, a state of affairs which must necessarily 
lead to such curvature. The phenomenon appears most clearly if a lamella is 
taken from the middle of the whole organ by means of two parallel longitudina! 
sections, and this lamella laid flat on the table and the pith halved lengthmise ; then, 
in proportion as the knife travels forward, the two halves also curve concave outwards. 
If now, instead of halving it, thin strips of tissue are separated from this median lamella 
of the organ, progressively from without inwards — first one which contains the 
epidermis, then one which contains the cortical tissue, and then a further one 
containing the young as yet unlignified woody layer — they ail curve concavely out- 
wards; because the layers which abut on one another are all extended negatively 
on the outer side and positively on the inner side, so that on separating them as 
above the outer side of each strip must shorten and the inner side lengthen. Here 
also I may adduce a few examples from my very numerous measurements. 


Name of the Plant. 

Length of the 
whole inter- 
node. 

Radius of 
curvature of 
the sector. 

Shortening of 
the concave 
epidermal side. 

Lengthening of 
the concave 
pith side. 

Half thick- 
ness of the 
internode. 

Sylphium ^erfoUatum — 
Left half 

69.5 mm. 

4 cm. 

2 .S % 

9-3 “/o 

3-0 mm. 

Right half .... 

69-5 .. 

4 » 

2-4% 

9-3 % 

3-0 »» 

Older internode of same — 
Left half 

igo-o „ 

3“4 

2-8 «/„ 

9-S % 

3*5 n 

Right half 

190-0 „ 

3-4 » 

2-6 »/o 

10 - 8 % 

4-5 » 

Macleya cordata — 

(hollow) ..... 

134-5 

5-^ 

074 »/o 

7-1% 

3*3 


A considerable rapidity of growth in length, with a simultaneous progressive 
differentiation of tissue-layers, as met with in upright leaf-shoots, strong petioles, 
and tendrils, seems necessary to promote this tissue-tension; since it is not 
observed in very slowly growing shoot-axes, and in these cases the tissue- 
differentiation also proceeds but slowly, e.g. in the downward growing thick 
rhizomes of Fucca and DraccEtia* Finally, no morphological differentiation of 
tissues at all is' necessary to produce such tension of tissues : this is proved by 
the stalks of growing Agarics, which consist entirely of homogeneous hyphal 
tissue, and nevertheless exhibit powerful tensions between the outer and inner 
tissue-layers. 

When, on isolation, the previously passively extended tissues become suddenly 
shortened, and the previously positively distended pith as suddenly lengthens, both 
can only be effected by means of a corresponding change in form of the cells ; for 
even a merely relatively large alteration in volume is not to be thought of, because 
neither the water of the contents nor the membranes saturated with water can 
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change their volume by pressure and traction by means of the forces which are here 
acting. Hence we must assume that the strips of tissue which shorten increase in 
diameter, and that the elongating pith becomes correspondingly thinner. These 
alterations in transverse dimensions are, however,' not directly capable of measurement. 

At any rate it follows from what has been said that the passive extension 
in length makes the cells of the epidermis, the vascular bundles, and the not yet 
lignified sclerenchyma strands narrower, and that the epidermis especially, since it 
is properly too short for the growing parenchyma, must also be too narrow for it. 
In like manner the pith, prevented by the epidermis from extending, must tend to 
be distended transversely : since the pith (and soft parenchyma generally) is too long 
for the passively extended tissues, it must also at the same time be too thick for 
them, and tend to extend them (particularly the epidermis) tangentially. In other 
words, it follows at once from the easily measurable tissue-tension in the longitudinal 
direction of a growing shoot-axis, that transverse tensions also must exist ; or, since 
the passively extended tissues are too short for the soft parenchyma, they are also 
too narrow for it, and this conclusion may be directly proved. If thin transverse 
discs are cut from the organs in question, and split open by means of a radial longi- 
tudinal section, they gape, because the epidermis contracts peripherally, since it was 
previously properly too short for the internal tissue — ^i. e. it was passively stretched. 
However, we will not here go further into detail as to the changes in form of split 
transverse discs of growing organs, because it would be impossible to avoid difficult 
mechanical considerations of various kinds. I will refer only to the one obvious 
fact, that the increase in circumference of many internodes and leaf-stalks which 
are subsequently hollow is effected by this extension of the exterhal layers 
of tissue, while the internal pith is no longer able to grow transversely in pro- 
portion; the latter therefore becomes ruptured, its outer layers remaining in 
connection with the external tissues which are growing in circumference, while a 
cavity arises in the interior. This may be easily observed in the flower-stems of the 
Teazel (JDipsaacs), the scapes of the common Onion and Dandelion {Taraxacuiri 
officinale)^ in many Umbelliferm and true Grasses, &c. 

The cylinder of pith of a dicotyledonous shoot when freed from its enveloping 
layers of tissue is very limp, extensible and pliant, but if laid in water it soon 
becomes turgid, stiff, and elastic : it is then longer and apparently also thicker. The 
elongation in water may in a few* hours amount to 40 per cent, or even more of the 
original length. This proves that the cells of the pith absorb with great force the 
water surrounding it, and that their cell-walls are still in a high degree extensible, and 
thus that they did not possess that degree of turgescence, while yet in the interior of 
the uninjured organ, of which they are capable. Further observations on such 
isolated cylinders of pith, particularly of Composite and Solaneas (where they often 
attain -a very considerable thickness and are peculiarly suited for experiments of this 
kind), may be employed for further instructive investigations, of which I will only 
describe one more in detail here. The isolated pith of a piece of the shoot of Senecio 
umhrosus 235.5 mm. long increased in length 5*7 per cent, at the moment of isolation, 
and weighed 5*3 gr. It was divided into three parts by marks of indian ink : of these 
I was the oldest and III the youngest. The lengths were 1 = 100 mm., 11 = 100 mm., 
111=49.9 mm. 
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The prism of pith was placed in a wide glass tube, which was then corked 
at both ends. In the course of fourteen hours the following elongations had 
occurred : — 

The part I had elongated 4*5 mm. 

35 JJ ?} ,, 

35,' ni „ „ 2-0 ' „ (i. e. 4-1 '"/j; 

The pith had however meanwhile lost 0-15 gr. water. 

After another twenty-six hours stay in the glass tube the following fresh changes 
had made their appearance : — 

The part I was still longer by 2*5 mm. 

35 Ik ,, jj 0*5 33 

„ III w^as shorter by 0-5 „ 

During this interval no further loss in weight had occurred, because the air in the 
glass tube was now saturated with aqueous vapour, and thus no more evaporation 
could take place. 

The pith was then laid in water, and in six hours the following changes had 
occurred : — 

The part I was longer by 18 mm. 

33 II 33 33 23 33 

33 III 3333^^33 

The pith had at the same time become considerably thicker, and had absorbed 6 gr. 
water; though at first, as said, it had only w^eighed 5*3 gr. 

The determination of the dry weight showed that there was in this state only 
0*2 2 gr. of solid substance ; this substance after the isolation of the pith was combined 
with 5-08 gr. water, and then lost 0-15 gr. At the end of the experiment, however, 
it took up 6 gr, more ; or, at first the pith contained 4*23 °/o3 only 1-97 Vo 

of solid substance. 

It is seen from these statements, as I have already pointed out, that in the cells of 
the pith at any rate only an extremely dilute solution capable of causing endosmose 
can be present, and that this nevertheless causes a very pronounced absorption of 
water, turgescence, and growth. There is one other point in our experiment to be 
explained, however, namely, the original elongation of the pith in spite of a loss 
(though small) of water. The explanation lies, however, in the very pronounced drying 
up of the surface, which could not well be due only to the small loss of water by evapo- 
ration ; it is on the contrary probable that the inner cells of the pith took the water 
from the outer ones and thus elongated, the external desiccated ones being passively 
extended just as the epidermis is elsewhere. That this was actually the case is shown 
by the stiifFness of the pith -in other experiments of this kind; if the prism of pith which 
has become dry on its outside is bisected longitudinally, the parts gape outwards, as 
when a living shoot-axis is split longitudinally. I drew from these facts the following 
conclusion. If the inner pith cells are able to abstract water from the outer ones, it 
may be assumed that the external cells of the pith also are able to abstract water 
from the tissues surrounding them, and therefore retard their turgescence, whence 
their growth is retarded, and the further consequence is that they become passively 
extended by the pith, which robs them of water. 
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It is evident from these observations why longitudinal halves or quarters of 
growing shoots laid in water curve outwards to such an extraordinary extent— 
a phenomenon which is exhibited particularly well by the flower-scapes of the 
Dandelion {Taraxacum officinale) where longitudinal strips lying in water form 
numerous coils of a helix. 

The passive extension of the epidermis, and of the hypodermal strands of collen- 
chyma and sclerenchyma which behave similarly, is thus due chiefly to the vigorous 
growth in length of the parenchymatous tissues. From this extension in the 
longitudinal direction, however, a simultaneous transverse tension must necessarily 
arise. If we suppose a caoutchouc tube extended longitudinally, it is at once noticed 
that it tends to become smaller in diameter at the same time, and the epidermis with 
its strengthening layers must behave in the same way when it is passively extended 
longitudinally. If, on the other hand, a solid cylinder of caoutchouc is supposed to 
be compressed from above downwards, it becomes at the same time thicker 

transversely, and the growing pith 
or parenchyma generally of a 
young stem must behave in just 
the same manner. These con- 
siderations at once demonstrate 
that when the epidermis of a grow- 
ing internoSe is extended by the 
pith, and the pith, on the con- 
trary, compressed transversely by 
the epidermis, transverse tension 
must necessarily occur, and it 
is at the same time clear that 
this latter must be a necessary 
consequence of the longitudinal 
tension. It has already been men- 
tioned that this transverse tension 

Fig. 354.— Transverse section of epidermis and cortex of a Sun-flower, may bc actually reCOgniscd. 

rapidly crowing: in thickness ; the cells have elongated peripherally and then Ti? i j .t , . 

become divided by radial walls. If, hOWCVCr, at thC COllCluSlOn 

of growth in length of an inter- 
node, subsequent growth in thickness is ushered in by a cambium zone, a further 
intensification of this transverse tension results. Since the wood arises on the inner 
side of the cambium, the whole of the cortex surrounding the w^ood must necessarily be 
distended outwards. This tangential extension is perceived with the greatest clearness 
by means of the microscope, in the form of the cortical cells in transverse sections 
through the cortex of stems of Ricinus^ Helianthus, &c., which are rapidly growing in 
thickness. Since, however, the cortex and subsequently even the periderm and bark 
of woody stems are very slightly extensible and highly elastic, it results that a strong 
opposite pressure of ail the cortical layers lying outside the cambium must respond to 
the outward pressure due to the growth of the wood; strong tension takes place 
between cortex and wood, and the cambium itself lies in the position of greatest 
pressure. We shall learn subsequently how this affects the formation of the wood 
itself; here it need only be remarked that Gregor Kraus has demonstrated this 
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transverse tension betAveen cortex and wood by means of detaileclTinvestigailons K To 
convince ourselves of its existence, it suffices to mark ' out a ring of cortex from a stem 
which is growing rapidly in thickness, by means of two superposed annular cuts, and 
then to make a longitudinal cut in this ring, and separate the cortex from the 
wood. On now attempting to replace this ring of cortex in its normal position around 
the w^ood, it is found to be too narrow, and gapes ; it would require a very powerful 
force so to extend it that the gaping margins again touch one another, and thus 
exactly surround the wood. This, however, signifies simply that the cortex was 
previously compressed radially, and forcibly distended in the tangential direction by 
the growing wood. 

Gregor Kraus, moreover, recognised 14--15 years ago^ that a daily periodicity 
occurs both in the longitudinal and tangential tissue-tension, such that a decrease 
of the tensions is noticeable from early morning to mid-day or afternoon, and 
an increase thence till early morning again. Millardet found and confirmed this 
periodicity in an entirely different way, which can only be more exactly shown when 
we come to the consideration of the sensitive organs. It is scarcely possible to 
doubt that these periodic alterations of tissue-tension depend on the same causes as 
the similarly periodic variations of growth, the weeping of the root-stock, the daily 
movements of leaves, &c. 

All these considerations hold good strictly of shoot-axes, petioles, and the 
midribs of leaves only. The radical contrast between root and shoot again comes 
out here; for in the first place it is important to notice that the conspicuously 
short growing portion — 3-10 mm, long — of normal terrestrial roots exhibits a 
phenomenon of tissue- tension which differs at least superficially. If the growing 
portion of a vigorous root is split by means of a longitudinal section, or by two sections 
at right angles, in the direction of the axis, the parts do not gape concave outwards, 
and, at first, no separation at all takes place. If roots so treated, however, are left to 
goon growing in water, the longitudinal halves become curved convex outwards, 
that is in exactly the opposite manner to those of shoot-axes and leaf-stalks. 
The phenomenon is explained simply by the fact that the parenchymatous 
cortex of the root grow'S more vigorously in length than the axial strand, 
and that the latter is still highly extensible within the growing region. The 
tension between the cortex and the axial strand is therefore so small, that the 
effect in question only makes its appearance on growth occurring subsequently to 
the splitting. 

The contrast between roots and shoot-axes, however, is much more conspicuous 
in parts of the root which are already fully grown. We are here concerned Avithfthe 
fact already mentioned in the lectures on Organography (Lecture II) that the part of a 
root-fibre which is no longer growing in length may shorten itself very considerably 
during a long period, so that seedlings may have their stems eventually drawn 
dowm into the soil. Referring to what I said in the lecture quoted, we are here 
only concerned with the causes of this phenomenon itself: this was investigated by 


^ The transverse tension between cortex and wood was first investigated in detail by Gregor 
ICrans, Bot. Zeit,^ 1867, p. 113. 

® Kraus {loc, cit,^ p. 121) first described the periodic variation of tissue-tension. 
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De Vries. The shortening of the root, discovered by Fittmann as long ago as 1819^ 
and then forgotten, and at length again observed by Irmisch and myself, is manifested 
in the first place by the production of transverse folds on the -surface of those parts of 
the root* which have for some time ceased to grow in length ; the roots of many 
marsh-plants, those which grow in water especially, as well as those of Hyacinths, 
various species of Iris, &c., easily permit the observation. De Vries made marks at 
determined distances on the primary roots of young plants of Red Clover and 
Beet, and then allowed them to go on growing in soil or nutritive solution, and 
found that after 3-6 weeks the regions marked had become shortened by 
10-15 °/o 20-25 7 o of their length. On letting 

the main roots of actively vegetating plants of the Caraway, Teazle, and 
Artichoke, taken out of the soil and separated from the tuft of leaves, lie for 
3-4 days in water, they shortened about 4-8 7^? increasing in thickness the while 
(sometimes even 4-8 7o)? and accordingly an increase in volume and simultaneous 
stiffening took place. Isolated parts of the tissue in water showed the same 
changes : the axial strand as well as the parenchymatous cortex became shortened in 
the longitudinal direction and extended transversely. According to De Vries it is 
in both the parenchymatous tissue alone which initiates this change, which in fact was 
directly measured microscopically by him : the cork envelope as well .as the vessels and 
bast-like fibres become passively bent, and cause in part the formation of the transverse 
folds referred to. De Vries sums up -the most important points of his observations as 
follows : — ^ The contraction (shortening) on taking up water is a phenomenon of 
turgescence, and is reversed by all agents which stop turgescence. This is shown most 
simply by the fact that the contractile roots do not shorten on flagging, as growing 
root-apices or stems tend to do, but become elongated. In the same \vay they lengthen 
if the protoplasm is in any way killed, or if it is forced to separate itself from the 
cell- wall by the action of salt-solutions. On the cessation of turgescence the tissues 
become drawn together in the transverse direction.’ 

The shortening effected by the absorption of water is rendered permanent by 
subsequent growth, just as the turgescent elongation of stems and leaves becomes 
fixed by subsequent growth. It at once results from this, as De Vries remarked, 
that just those roots which have the best marked transverse folds exhibit the most 
distinct shortening in water. Thus as we explain the longitudinal extension by 
turgescence of parenchyma-cells in shoots, chiefly by the fact that- the cellulose 
walls are more extensible in the direction of their length than transversely, we must, 
on the contrary, assume as regards the root-parenchyma that the cellulose walls 
are more extensible transversely than longitudinally, since it is always to be main- 
tained that the hydrostatic pressure which causes the turgescence is equal in 
magnitude on all sides. 

It may be concluded, from a long series of various phenomena in the life of 
plants, that the form .and size of the individual cells within the tissue depend to 
an important extent upon how they are connected with neighbouring cells. In other 
words, we may assume that the shape and size of each tissue-cell is determined 


^ Hugo deVries, ^ Uher Verhurmng pflanzHcher Zdlen durch Aufnahmc zwi IVassisr ^ Bot. 
Zeit,, 1879, p. 650. 
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chiefly by two factors on the one hand by the causes of growth which are given in 
the chemical and molecular structure of the individual cell itselfy while on the other 
hand this individual formative effort can only make itself effective in proportion as 
the mechanical obstructions permit it. These obstructionsj again, are generally of 
two kinds; the individual growing cell is prevented from extending equally on all 
sides by the pressure of neighbouring cells, or it suffers, since it is closely con- 
nected with its neighbours, passive strains in the longitudinal and transverse 
direction. How the relative position of an individual cell or cell-layer will 
determine the effects produced by pressure and strain, may be in general deter- 
mined beforehand geometrically, with certain premisses ; and if it is at the same 
time borne in mind how growth in any one direction is usually followed by cell- 
divisions at right angles to it, a deeper insight is thus obtained into the causes which 
determine the fact that we find the cells on the transverse section of a wood-body 
arranged in regular radial and tangential rows, and that the forms of the cells and 
their groupings in the cortex of a woody stem which is growing in thickness must be 
situated and layered otherwise than before the beginning of growth in thickness, and 
so forth. Put shortly, ' the plans of transverse sections of stems and roots in 
particular may be understood geometrically, so far as their histological construc- 
tion goes, with the aid of the above principles/ This was first done, as regards 
the structure of wood, by Naegeli \ and was then treated generally by Detlefsen 
in his treatise ‘ Uder das Dickenwachsthum cylindrischer Organs! Unfortunately I 
must here pass over the contents of these two unusually instructive treatises, since they 
could not be presented without digressions, and especially without geometrical figures 
and mathematical formulae which might not be welcome to the reader of this book. 

Several other facts however may be without difficulty set forth clearly in words? 
It is certainly not uninteresting to learn that a matter of structure so conspicuous and 
well known as the formation of the annual rings in wood depends, in the main at 
least, on alterations of pressure between wood and cortex. I had expressed this 
hypothetically in 1868, since it struck me that the cortical crevices of the older stems 
and branches of trees are deepest during the winter and spring, evidently pointing to an 
increase of pressure between wood and cortex. In the spring, after these crevices 
have been formed, the tension must thus be diminished ; and at the same time the 
amount of water used in the unfolding of the leaves may also cause a slight 
shrinking of the alburnum. With increasing thickening of the wood, however, during 
the vegetative period, and with more pronounced drying up of the external layers of 
cortex, the tension between wood and cortex must increase: the layer of wood 
formed in the spring is therefore produced under diminished pressure, and consists of 
cells which are larger in the radial direction, while with increasing cortical pressure 
the extension of the wood-cells and vessels in the radial direction is interfered with, 

^ The first geometrical and mechanical treatment of the arrangement of cells on the transverse 
section of the wood is that of Naegeli, in his treatise ^Obcr das Dickenwachsthum des Stengels und 
Amrdmmg der Gefdss-strdnge bei den Sapmdaceen! Miinchen, 1864, 

^ Emil Detlefsen, ^ tJber Dicke^zwachsthum cylindrischer Ozgane"^ in Arb. d, hot. Inst. 

zii Wzbg., B. 11 . p. 18. The investigations of Detlefsen referred to further on in the text (‘ Versuck 
einer mechanise hen KrkUirzmg des excentriseken Dickenwachsthum s verholzier Axen ztnd Wurzeln! 
Wismar, 1881) is also found reprinted in Arb. Inst, zu Wzbg., B. 11 . p. 670, 

[3] pp 
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and the denser autumn wood thus formed. It is not improbable that other causes 
also co-operate hereh of which, however, we know very little at present ; but in any 
case the very extensive investigations of De Vries (1872-76) have shown ^ that 
my supposition was in the main correct. He intensified the cortical pressure in 
spring by binding cords tightly round certain spots on two- to three-year old 
branches; the result was that the thickness of the annual ring beneath the ligature 
was less than the average thickness of the corresponding ring at some distance above 
and below that place. In some branches the difference was so marked, that the 
place experimented on was visibly thinner — an impression which was strengthened 
by the formation of woody cushions at the upper and lower margins of the 
ligature, the latter evidently because at these places cortical tension must have been 
lessened by the pressure of the ligature. Moreover, the thickness of the layer of 
autumn-wood, which (as usual) ceased to grow in August, was greater beneath the 
ligature than in the normal case. The autumn-wood at this place, in very different 
species (e.g. Maple, Willow, Poplar, Horse-chestnut, &c.) investigated by De Vries, 
was formed of wood-fibres with the transverse section compressed radially, and the 
number of vessels Avas smaller than in the normal wood. These observations show 
then, that under increased pressure the formation of autumn- wood begins at a time 
when, during normal growth, w^ood-tissue with wide cells and many vessels wmld 
still be formed. A diminution of cortical pressure is obtained by splitting the cortex, 
into several parts by means of radial longitudinal sections. The strips of cortex thus 
produced contract somewhat in the tangential direction, because they were previously 
extended in this direction ; necessarily, the pressure which the cortex exerts on the 
cambium and young wood is thus diminished, and this most in the immediate 
Neighbourhood of the margins of the cuts ; the new wood-tissue now arising close to 
these deviates considerably from the ordinary structure of wood. Incisions were 
made in June and July, after the formation of the normal autumn wood had already 
commenced ; by the middle of August it w^as seen that the two- to three-year branches 
experimented upon had grown considerably more in thickness at the places where 
longitudinal incisions had been made, than above and below. On transverse sections 
the thickness of the wood-growths was greatest in the neighbourhood of the inci- 
sions, and thence diminished constantly up to the middle line between two incisions. 
De Vries found in all cases that the newly-formed wood was outside the layer of 
autumn-wood which had already been formed before the experiment; therefore 
everything produced after the diminution of the pressure was composed of wood- 
fibres not at all compressed in the radial direction, and at the same time the vessels 
in this wood were more numerous — i.e. a layer of wood had been formed under 
diminished pressure, which resembled the spring-w^ood more than the autumn-wood. 

By means of these experiments also Knighfs old experiments (1801) find their 
explanation. He fixed young apple-trees, with stems about an inch in diameter, in 


1 E. Riissow, in his fundamental investigation, ‘ Uber die EntnvicMung des Hoftiipfels, der 
Memhranm der ITohzellen und des /akresringes bet den Abietineen, in erstcr Link von Pinus 
silvestris^ (134 Sitziing der Dorpater Natnrforscher-Ges., Dec. 24, 1881), expresses himself differently 
from the view given in the text as to the causes of the difference between spring and autumn wood. 

^ Hugo de V lies, ^ tibcr den Einjiuss des Rmdendruckes auf den miatomischen Ban des L/bkes,' 
Flora, 1875, Na VII; and, further, ^IJber Wundhoh," Flora,. 1876. 
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such a.manner that ..their lower part '(three feet) was rendered imniovable, wMie 
the upper part of the stem with the crown could bend under the ]')ressurc of the wind. 
During the period of vegetation the upper movable part of die stem increased con- 
siderably in thickness, the lotver immovable part much less so; this is easile 
explained by the fact that the bending to and fro of the upper part of the stem, 
under the influence of the wind, causes the cortex to be extended on the convex 
side each time and so loosened, and the pressure thus diminished. Tiie growth of 
w^ood in a young tree which was free to move under the pressure of the wind 
j exclusively north and south, behaved in a corresponding manner: in this north 

j and south direction the growth of wood was stronger, and stood as regards that 

I formed east and west as 13 :11. Knight himself, however, gave an incorrect 

'I explanation of the phenomena observed by him. 

i The promotion of the growth of wood by means of longitudinal incisions in the 

cortex of the stems of young trees, continued from the crown to the root, has 
also been employed for a long time practically, and, as I have convinced myself for 
some years past, with the best results : the stems grow more rapidly in thickness, the 
thicker alburnum can convey more water containing nutritive materials from the 
roots to the crown of the tree, and thus promote assimilation, and this in its turn 
again promotes the formation of wood in the stem. 

I We owe a new contribution to our knowledge in this direction to an 

investigation by Emil Detlefsen (1881), wEo first pointed out the fact that in 
stems and branches with excentric layers (e. g. of the Pine, Maple, Walnut, Vine), ' 
and therefore where, as in Fig. 318 above, the annual rings are thicker on the one 
side than on the other, the formation of cortex is also more energetic on the 
side of the stronger growth of wmod, and the thickness of the cortex more 
considerable. The necessity of this is at once obvious, since the pressure 
which the cortex exerts on the wood re-acts also conversely from the wmod on 
the cortex. Detlefsen’s remarks on the very commonly occurring causes which 
must effect a diminution or increase, of cortical pressure are particularly valuable 
however. Wherever a branch arises on a stem, and at the places of origin of the roots, 

I an increased growth in thickness is found. From the places of origin of the thicker 

I branches descend buttresses of the stem, it may be metres long ; and in like manner 

I we find at the low^er end of the stem the places of origin of the large laterally 

^ spreading roots made recognisable by thick buttresses running upwards. On the 

branches, strongly thickened places are found always and only running in the direc- 
tion towards the roots, and on the roots, on the contrary, in the direction towards the 
i stem. Above the places of origin of the branches moreover, and laterally from these, 

^ increased growth in thickness occurs, and . conversely in the roots. The explanation of 

this universally observable fact is, according to Detlefsen, a very simple one. ^By 
means of a branch growing in thickness, and by means of a lateral root behaving 
; in the same way, the cortex of the organ whence they spring is pushed apart and 

: the cortical tension thus diminished, and this naturally induces an increased growth 

I in thickness. The extension of the thickening buttress also is very easy to 

I understand if the anatomical constitution of the cortex is borne in mind. It is 

clear that a pull acting on the cortex must rdake itself noticeable over much greater 
f stretches in the direction of the course of the bast-fibres than in the direction at right 
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angles to this. The same is of course true also of the diminution of the cortical 
tension, and this explains the extension of the thickening buttresses which appear 
at the places of origin of lateral organs. 

' From the changes in dimensions of the cortex during growth in thickness we 
get the following results : — 

'(i) The tension of a convex piece of cortex is increased by the growth 
in thickness, that of a concave piece of cortex, on the contrary, is diminished 
by it. 

' (2) The alteration of cortex-tension produced by the growth in thickness 
is cmieris paribus more considerable the more strongly the cortex is curved. 

'For a convex surface of cortex must become enlarged during growth in thick- 
ness, a concave one, on the contrary, must diminish, and the changes in size of 
the surface produced by equal growth are the more considerable the more con- 
siderable the curvature of the surface is."' 

Further, the changes, hitherto unexplained, in the direction of the branches on 
a tree-trunk are referred by Detlefsen to this principle ; here, however, it is the 
weighing down of the branch which depresses it more and more as it increases in 
length from year to year. ' Since the weight of the branch forces it downwards, 
it becomes, like any bent rod, stretched on its upper side but compressed below; 
the cortical tension of the upper side is thus (and this most evidently at the base 
of the branch) increased, that of the lower side diminished. The inequality of 
cortical tension at the insertion of the branch, produced by the weighing down, is 
often much more considerable than that due to the form of the cortical surface at 
this place. In the first case the buttresses which run down from the places of origin 
of the branches spring from their under side, whereas otherwise they run down from 
above over the two sides of the place of insertion.^ For the proper appreciation of 
these considerations, what has already been said above must of course be borne 
in mind, namely, that every longitudinal tissue-tension must necessarily induce 
transverse tensions also, and conversely, every transverse tension must call forth 
longitudinal tensions. 

Straight branches directed nearly horizontally always show, according to 
Detlefsen, a promotion of the growth in thickness of their under side, and this 
is in fact usually most evident at the base of the branch, and gradually diminishes 
thence towards the apex — branches or stems which stand nearly upright and have 
their leaves on one side, and which are situated at the margin of a wood, or which 
by prevalent winds in a certain direction have had the development of their crowms 
prevented on one side, always show a predominant growth in thickness on the side 
where most leaves exist. It is often shown externally by the transverse folds of the 
cortex that it is compressed on the side towards which the unilateral veight of the 
crown presses down the stem, while the increased tension on the convex side of 
such objects is betrayed by the smooth surface of the cortex. ' Here,' says Detlefsen, 

' where the inequality of the cortical tension is obvious, the usual explanation, that 
the excentric growth in thickness is a result of one-sided nutrition, is quite untenable.' 

'If the foliage is abundant,' he continues, 'a marked alteration of the form 
of the bent branch is produced by it. Thus the older branches of orchard trees are 
seen to be bent by the weight of the leaves and fruit, and to sink more and more the 
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older they become. While the young branches of the Lime tend upwards, the older 
branches of the same tree fall in curves towards the earth. The same is seen in the 
older branches of the Pines. The youngest lignified branches at the apex of the 
Fir Pzcea excelsa ascend obliquely into the air, further down tlie branches are 
horizontal, and the lowermost even curve downwards/ This phenomenon is still 
more evident in vigorous specimens of Fimis ausiriaca: the tender annual shoot 
at the end of each horizontal branch stands erect, then becomes curved a little 
obliquely outwards, and in the course of the year becomes more and more oblique, 
and then when the new shoot is developed next year—again verticaI-~-the last 
year’s piece of branch sinks till nearly horizontal, to become completely so in 
subsequent years. Thus it is that a horizontally extended branch of this tree is 
composed of distinct annual shoots, each of which at first stood perpendicularly 
erect. 

In. these processes occurring in woody branches and stems we have been chiefly 
concerned with a greater or less obstruction of growth, by means of the mutual 
pressure of layers of tissue. I may now add a few examples showing how vitally 
active cells begin to grow anew on being relieved from pressure. 

One of the finest examples in this connection is presented by the formation of 
so-called Tyloses^ in the vessels of the wood of Dicotyledons. If the vessels, 
especially the wide ones, of Rohinia^ the Oak, Vine, and many other woods are 
examined microscopically, when they have attained a certain age, they are found 
to be entirely filled with a parenchymatous tissue, which was observed and figured 
even by the first vegetable anatomist, Malpighi, though of course he had no idea 
of its origin. Not before recent researches, especially the careful labours of Reess 
(1868), were accomplished, was the remarkable origin of the tyloses rendered clear. 
They arise in fact by the very thin closing membranes of the bordered pits, at the 
spots where the vessels abut on soft parenchyma cells, becoming forced into the 
cavity of the vessel under the turgescence of the latter, and then beginning to 
grow vigorously. A club-shaped vesicle is thus formed, which, as it grows, 
undergoes cell-divisions, and when such structures protrude from numerous pits, 
'they fill up the cavity of the vessel and compress one another, and thus produce a 
parenchyma-like tissue. 

The whole process would be quite impossible if the tube of the vessel itself was 
filled with sap and turgescent ; but, as it is, the vessel loses its sap, and the air con- 
tained in it is even rarefied, and thus the turgescence of the neighbouring parenchyma 
cells, must drive forwards the fine, closing membranes of the pits into the cavity of the 
vessel. I observed something of the same kind, but on a larger scale, in 1854, in the 
internodes of Bean seedlings which had become hollow: the pith cells which 
surrounded the cavity had grown into it in the form of club-shaped or spheroidal 
papillae, and had even undergone division several times. The same cells, however, had 
the pith, not been ruptured by the stronger tension of the external layers of tissue, 
would have remained as polyhedral parenchyma cells compressing one another on 
all sides in the usual manner. 


^ Max Reess, ‘ Zur Kritik der BdhnCschen Ansickt iiher die Eniwieklungsgesclnchfe und 
Funktion der Tullen^ Bot. Zeit. 1868, p. i. 
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The pressure to which tlie tissue-cells are normally subjected, and which prevents 
their free growth, may easily be relieved artificially on one side by cutting across a soft 
Stem or leaf-rib, or even a root, and then surrounding the cut surface with water or 
damp earth ; in this case there is formed, in many species of plants at any rate, if 
not always, the so-called callus, which consists essentially in that all the cells of 
the epidermis, cortical parenchyma, cambium, &c., which are still vitally active, now 
grow forth from the cut surface and divide, and so form a cushion of soft tissue which 
at length covers the surface of the section : this cushion is the callus. These callus- 
cushions have moreover the highly remarkable property of giving origin to new 
growing-points of shoots and roots, from which new plant-individuals become 
developed. The callus-cushions can be obtained with the greatest ease if large pieces 
of branches, as thick as the arm, "of Poplars and many other trees, are cut off and cut 
smooth above and below, and kept during the winter in a moist warm chamber; a 
thick swollen callus arises at the boundary between the cortex and wood. The same 
thing happens if fresh living foliage-trees are cut across above the soil. In such cases 
dozens or even hundreds of young leaf-shoots are often seen to sprout forth from the 
callus formed on the cut surface of the rooted portion. 

Hansen has investigated in detail the formation of the callus on the cut-off leaves 
and flower-stalks oi Achimencs grandis^h^cvts of Begoma rex and shoots of Peperomia. 
These organs planted with the cut surface in water, or moist sand or soil, develope 
the callus there. The section by which the'‘ cutting ’ is separated from the parent plant 
is the external stimulus to the commencement of processes of growth on the surface 
of the wound. In the fiitt place the layer of cells bounding the cut surface perishes : 
this dead tissue is frequently separated from the living tissue still further by the 
formation of several layers of cork, a process also common elsewhere, and which may 
be produced by wounding masses of tissue which are still living. ' Beneath this 
protection there now begins an active growth of all the tissue-elements still provided 
with protoplasm ; i. e. the cells of the epidermis, collenchyma, and cortical tissue. 
The epidermal cells here perform in addition a peculiar function, growing out into 
long root-hairs which supply the young callus with water and nutritive salts. The 
callus grows not merely from the cut surface, but also extends laterally, so that the 
stem of a leaf-cutting often sw^ells up to double its original diameter, and the callus 
as a thick cushion includes the . cut end of the petiole. This mass of tissue at first 
consists of nothing but similar parenchyma cells; but after some time numerous 
vascular bundles are ditferentiated in it, and extend in all directions towards the 
surface of the callus. At various spots on the tissue of the callus superficial cells now 
become rich in protoplasm, divide actively, and produce a small-celled embryonic tissue, 
which is conspicuously marked off from the surrounding tissue of the callus. These 
embryonic masses of tissue or growing-points soon become elevated, produce leaves, 
and thus emerge as young shoots. At the same time embryo roots develope in the 
interior of the callus ; these break through the tissues, penetrate the soil, and con- 
tribute to the nutrition of the new shoots. 

Begonia leaves cut off and laid flat on damp sand exhibit still other curious 


^ Hansen’s researches on the formation of callus are found in his paper, ‘ Unters. iiher 

Adventwbildungenj in Abh. der Senkenbergisclien natiirf. Ges., B. XII, i88i. 
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phenomena. In the first place, the- section which separates the leaf-stalk not only 
induces the formation of calluSj shoots and roots at the woiiiid, but also at a place 
some distance from it, namely where the petiole passes over into the lamina, and 
where at the same time the primary ribs of the leaf arise. If the nerves in a leaf 
so treated are cut through here and there, callus-cushions, shoots and roots are like- 
wise formed at those places. Moreover isolated cells in the epidermis of the leaf- 
nerves, situated at a distance from the sections, are stimulated in a remarkable 
way to renewed life. They grow vigorously, division-walls are formed in them in 
various directions, and finally the small-celled growing-point of a new shoot is 
developed in theip. 

These and many other observations show that a cut made in an organ of a plant, 
when the vegetative conditions are otherwise favotrable, is to be looked upon as a 
stimulus to growth*— as an impulse to extensive and complex activities. In the first 
case of course the tissue adjoining the section is simply freed from certain hindrances 
to its growth ; and the beginning of the formation of callus depends on this. When 



Fig. sss.—A seedling of Ficta Faha. the root and plumule of which were straight, 
was so placed that the root-apex lay almost horizontal on the surface of the mercury 
(black in the figure), and fixed in that portion to the cork k by means of a pin \ n n 
layer of water on the mercury. The figure shows the seedling about 24 hours later. 

The growing part of the root has curved sharply downwards, so that the apex 
enters the mercury perpendicularly; the resistance vi^hich it meets with is expressed 
by the form of the root behind the downward curved portion. The stem has 
become sharply erected at its basal portion; the nodding position of the bud is a 
phenomenon of nutation, independent of gravity. 

this has proceeded to a certain extent, however, growing-points arise in the tissue of 
the callus, which of course are to be regarded, not as for and by themselves immediate 
effects of the section, but as consequences indirectly due to it. 

While the preceding considerations and facts show that the tissue-cells undergo 
passive strains and pressures during their growth, on the one hand, and on the other 
hand are compelled to act in this way mechanically on their environment, it is 
implied at the same time that by means of the processes of growth work is done (in 
the mechanical and physical sense of the word) in the interior of the tissues. The 
store of energy of the growing cells is not entirely exhausted by this work, however, 
as follows at once from the fact that growing plant-organs can also exert powerful 
pressures extenially, on bodies which come in contact with them. This takes place 
very generally when the apices of growing roots are necessitated to drive their way 
into the resisting soil; they not only have to glide between the small particles of soil, 
but to push them asunder. The elongating region immediately behind the growing- 
point of any root pushes forwards the apex, clothed with its root-cap, and thus drives 
it betw^een the closely packed particles of soil much as a nail is hammered into a 
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’board. A very clear idea of this external work which, together with the internal work, 
is performed during growth, is obtained by allowing the thick primary roots of active 
seedlings to grow so that the apices are compelled to penetrate into mercury. This 
fluid, which is nearly fourteen times as heavy as water, and therefore about fourteen 
times as heavy as the growing-point itself, of course affords a very powerful resist- 
ance to, the entry of the latter; nevertheless, the apex of the root penetrates to 
a depth of 1-3 cm., and w'ould certainly penetrate still deeper if the mercury lying 
in close contact did not prevent respiration and poison it. 

The external effects in the case of growing tree-trunks with a hard bark are much 
more powerful, however. I have myself had opportunity of seeing how in still weather 
a solidly built stone-wall was overthrown simply by the growth in thickness of an old 
tree. To the more frequently observed phenomena in this direction belongs the slow 
elevation of huge, powerful, heavy trees by their superficial roots, \vhich are endowed 
with vigorous gro^?th in thickness. It is a very common occurrence that old Poplars, 
Pines, and Larches have their upper horizontal roots subsequently protruding above 
the surface of the earth f the under side of these roots, which were at first entirely 
concealed in the soil, bears up against the substratum, which is continually becoming 
more resistant, and as growth goes on not only are the roots themselves forced to 
project from the soil, in consequence of this resistance, but also to carry up at 
the same titne the stem, which often weighs many thousands of kilograms. W. S. 
Clark, who has investigated this phenomenon, reminds us especially of the well- 
known fact that the delicate seedlings of Beans, Oaks, &c, often push up clods of 
earth of large size, and states that in England a boundary stone weighing eighty 
pounds was pushed aside by three large Fungi growing up beneath it ; and the case 
is known of a Hazel in England which had accidentally grown through the central 
hole of a mill-stone, completely filled it up, and then being lifted up by the 
growth in thickness of its roots also carried the mill-stone up with it. In order to 
study more closely this external work of growth, Clark placed a sort of iron waist-coat 
(which need not here be described in detail) on a young Gourd fruit, and so arranged 
matters that a weight of more than 4000 pounds could be brought to bear on the 
surface of the fruit ; even this did not entirely prevent the growth. Unfortunately 
the experiment is not described with sufficient exactness to admit of a very clear 
judgment, but a calculation based on probable data yields the result that a pressure 
of only eighteen pounds to the square inch was here obtained— little more than 
the pressure of one atmosphere. 
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GENERAL CONSIDERATIONS ON IRRITABILITY. 

With the word irritability I designate the mode of reaction to stimuli, 
which is peculiar to living organisms. This is of course in the first place a 
mere arbitrary definition of a word; but such definitions of terms are necessary 
for mutual intelligibility, although they are unfortunately often neglected in the 
province of natural science. That such a bare definition of the term— which 
moreover I have come to regard as right only after many years of thought— has its 
uses, is illustrated directly by the following remarks. I say the mode in which Imng 
organisms only react to stimuli, is irritability : by this I imply at the same time that all 
irritability in the tissues is due to the protoplasm. For there is no difference of 
opinion as to this one point, that all the processes of life depend upon proto- 
plasm^ and that where no protoplasm is present no vital processes can occur. It 
follows thence, however, that the essential cause of all phenomena of irritability 
must be situated in the protoplasm, because we regard irritability as a property of 
living organisms only. And as a matter of fact, in all cases where the phenomena of 
irritability have been successfully and sufficiently analysed, the investigations have led 
to the result that living protoplasm plays a chief part in the matter; though this 
is not intended to imply that a phenomenon of irritability is conditioned entirely and 
solely by the properties of protoplasm. On the contrary, mechanisms which are 
influenced in a secondary manner only by the stimulated protoplasm determine to a 
large extent the final external character of a phenomenon of irritability, especially in 
a complex organ. At the same time it follows from what has been said, that all 
living cells, cell-tissues, and living organs of the plant must be irritable, according to 
our definition ; for they all contain protoplasm, and there is no doubt that all proto- 
plasm is irritable, at least in certain conditions — i. e. it reacts to external stimuli in a 
way which lifeless bodies do not as a rule do ; although, as we shall see later, reactions 
occur even in crystals which present a very striking similarity to certain phenomena 
of irritability. 

On the other hand, our definition of irritability excludes the assumption that 
every reaction of organised bodies whatever may be regarded as irritability. For, in 
the first place, organised bodies, quite apart from their specific peculiarities, are also 
at the same time physical objects, and must react, to external influences according to 
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the laws of physics : for example, when the growing haulms of cereals, and other 
shoot-axes, bend beneath the pressure of the wind and then again become erect, this 
is simply in consequence of their elasticity, and thus of a physical property ; and in 
like manner when the cell-membrane of a turgescent cell becomes extended, or 
contracts on the cessation of turgescence, that also is an action of a physical 
nature. If a long-stemmed plant is laid horizontally and left free to move, the stem 
at first bends more or less downwards, because it is flexible and elastic — that is one of 
its physical properties ; but if we allow it to stay quietly in this position, we find after 
several or many hours that the still growing apical portion of the stem now 
ascends until it stands perfectly erect — and this is not a physical but a physio- 
logical phenomenon, which only occurs in a living plant, and only there when 
the part of the stem referred to is still growing. If possible, the accuracy of the 
proposition expressed above comes out still more distinctly in the case of some 
movements of the parts of plants, which in fact present great external similarity with 
some phenomena of irritability, but are nevertheless purely physical and mechanical 
actions, since they occur in dead though organised bodies. The upper leaves of the 
common involucre of Carlina acaulis^ a kind of Thistle, radiate outwards and down- 
wards when the plant has long been dead, and remain in this position as long as 
it is dry ; but on plunging such a dead flower-head in water, or letting it remain 
in very damp air, the leaf structures referred to become directed upwards and 
inwards, and the whole of the dried flower-head closes up ; and if desiccation again 
follows later, it reopens— L e. the involucral leaves again project outwards and down- 
wards. These changes ensue still more rapidly in the upper leaves of the involucre 
of another composite, Myriocephalus. In both cases the movements mentioned are 
effected by short transverse zones on the lower part of the dried involucral leaves : 
the cell- walls on the lower side at these places swell up more strongly when they 
imbibe water than those on the upper side, and when they dry they contract more 
strongly than those, thus causing the movements described. 

The various movements of dry fruits and their parts, which, as has already 
been pointed out on pp. 210-211, may sometimes be very complicated, depend 
on similar phenomena due to the change in volume of cell-wails on the absorp- 
tion and rejection of water. In many other cases also something similar occurs. 

I will mention only the so-called Rose of Jericho, a plant which belongs to the family 
Cruciferse, and which grows wild in Egypt, though it may be easily cultivated in 
Europe. Its radiating branches, on which are situated the ripe fruits, spread them- 
selves out on the ground, and when the whole plant is dried and dead throw themselves 
inwards, very much as the five extended fingers of the hand are laid together in 
forming a closed fist. If the dried plant is moistened, the branches thus rolled 
together into a ball open out again. This process is found to occur in some other 
plants also, e. g. an American species of Lycopodium \ and again, the hygroscopic 
movements of the peristome of the Moss capsule (p. 150) depends on similar pro- 
cesses, and so with many other phenomena in the vegetable kingdom. In all such 
cases, however, it is not phenomena of irritability but purely physical actions which 
come into play, such as the imbibition of water and the alteration in volume of the 
cell- walls concerned. 

We now come to another very characteristic point, which distinguishes all phe- 
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nomena of irritability, viz. the disproporUoncdtiy exisiing heiwecti ihe external sitnmlus 
and the ultimate acimt. In the cases of movements of parts of plants due to 
imbibition and desiccation as just considered, there is an easily intelligible |')ropor» 
tionaiity between cause and erfect : when a certain quantity of water penetrates into 
the walls of cells, the latter become distended according to the volume of water, and 
upon this the movement depends. In like manner the bending of a flexible haulm 
of straw, or of a woody branch, corresponds to the pressure which acts from 
without and gives rise to the curvature, and we have the simplest case of such purely 
mechanical effects, for example, when an elastic ball is driven against another one of 
equal size and elasticity ; as is well known, the former comes to rest because it has 
given up the whole of its momentum to the latter. All- this has no resemblance to 
phenomena of irritability; on the contrary, a very characteristic point of the latter 
lies in the fact that neither the quantity nor the quality of a phenomenon of irritability 
need have any kind of similarity or proportionality to the stimulus, and it is 
simply on this that the peculiarly w^onderful and even startling effects of irritability 
depend; and here probably we have the reason why until quite recently the pheno- 
mena of irritability, which are at bottom identical with those of life, were set off 
against those of the rest of nature as something entirely different, and regarded as the 
effects of a special force-~-vital force. A calm criticism of the prevailing circum- 
stances, however, leads to an entirely different conclusion. The conspicuous 
inequality in kind and in degree between the cause and the effect arises rather 
from the fact that in the. living irritable organ a series of causes are already in 
existence, which taken together with the external stimulus give rise to the effect 
The disproportionality between cause and effect in irritability is simply and only 
apparent, not real, as will be brought forward still more clearly from subsequent 
considerations. In the first place, however, the main fact with which we are con- 
cerned may be illustrated by a few other examples. 

If growing stems or petioles are illuminated from one side for some time, they 
generally become curved in such a manner that the apex bends over towards the 
source of light. Theie is no doubt that it is the rays of light which effect this 
curvature, and it is just as little doubtful that the mechanical energy of these light- 
rays would be far too insignificant to cause such a curvature of the parts of the 
plant ; on the contrary, very peculiar mechanisms must exist in the latter which, on 
being stimulated by the rays of light, bring about this curvature. Still more striking 
in this connection are the geotropic curvatures. If an upward -growing stem is laid 
horizontally, it curves upwards ; if the same is done with a primary root, its apex 
curves downwards. The simple change of position of the axis of growth of these 
organs with regard to the radius of the earth and the direction of gravitation effects 
changes in the growth in length, which stand in no comprehensible mechanical 
relation whatever to the other effects of gravitation. That it is here, however, 
entirely and simply a matter of adjustment conditioned by the organisation of the 
plant, follows at once from the above-named circumstance, that the one part of the 
plant becomes curved upwards and the other downwards when its position with 
respect to the radius of the earth has been altered. 

Similarly we meet with the disproportionality between cause and effect in cases 
where, by means of a slight touch on the under side of the motile organ, a leaf of 
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Mimosa suddenly falls down limp, and its parts become folded together, or 
when a similar effect is produced simply by sudden darkness. And matters are 
similar in all phenomena of irritability, not only in plants but also in animals, 
and in our own bodies. What qualitative similarity or quantitative proportionality 
exists, for example, between the vibrations of the luminiferous ether and our 
sensation of sight, the vibrations of the air and our sense of hearing ? What I 
am here insisting on is still more evident in* the innumerable reflex actions of the 
human body. 

It will lead to clearness if we again try to render intelligible the meaning of 
certain words, because by an inaccurate use of them at this stage the greatest 
confusion may be introduced into the matter, against which we must guard our- 
selves so much the more since the difficulties in the subject itself are sufficiently 
great, and should not be rendered still greater by indefinite language. It will be 
well to keep sharply apart from one another the three ideas, ‘ Stimulus,' ‘ Stimu- 
lation/ and ‘ Irritability ' or ‘ irritable structure.' 

Stimulus is the name which I give to any alteration in the environment of the 
irritable organs by means of \vhich stimulation is caused. Experience shows that 
changes in the intensity of the light, variations of temperature, alterations of elec- 
trical conditions, instantaneous shocks, sudden pressure, etc. may act as stimuli. 
Constant illumination, or constant temperature, etc., on the contrary, is not to be 
regarded as a stimulus. However, it is conceivable that even with constant external 
conditions of life, the internal states of the irritable organs undergo change, and that 
thus their capacity for reacting towards unaltered external influences undergoes 
differences, and this must then have the same effect as if the influence of the external 
circumstances had been altered. The main point is, that any change whatever, 
whether it originates from within or from without, is to be regarded as a stimulus ■ 
since if both the external and the internal conditions remain constant, no stimulus 
whatever appears to occur. In most cases where phenomena of irritability are con- 
cerned, the accuracy of these reflections is at once clear ; but there is a series of vital 
phenomena very frequently occurring, which can scarcely be grouped elsewhere than 
among the stimulations, but which nevertheless make their appearance with especial 
clearness just where the external circumstances are constant. These are the move- 
ments which I have previously designated autonomous or spontaneously periodic, 
and to which we shall return later still more in detail. 

It has already been said that a conspicuous feature of the phenomena of ini’ 
lability lies in that they correspond with the stimuli neither qualitatively nor quantita- 
tively, and it is in this very fact that the essential distinction between phenomena 
of irritability and simply mechanical, physical, and chemical actions lies. It has 
moreover already been shown above in what the explanation of this remarkable 
circumstance essentially lies, viz. in the irritable structure of the organ. 

It will perhaps contribute to the intelligibility of this statement if we here 
again figure to ourselves a few examples from inorganic nature. Something similar 
to a phenomenon of irritability occurs, for example, in the case of a heated 
steam-engine the valve of which is suddenly opened. Previously at rest, the 
mere opening of the valve puts the engine in motion and accomplishes a definite 
amount of work. The possibility of this w^as already given in the tension of the 
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Steam and in tiie internal stmclnre’ of th engine; there was wanting simply tlin 
external impulse, by means of which the vake was opened, to call forth the wcn-kitig 
of the engine, the movement of which however essentially cicpends on the am- 
struction and putting together of its parts. It is obvious that neither the mere 
movement of the hand in opening the valve, nor the mere tension of the ste-arn 
thereby set in action, constitutes the cause of the working of a steam engine, hut 
that this is rather to be sought to a great extent in the internal structure of llie latter ; 
and in this sense we have also to regard the internal structure of the |)lant. which is 
set in motion by opportune external changes, as the essential cause of plienomena of 
irritability. 

Perhaps we obtain the clearest expression for the internal condition of an irritable 
organ by saying, that zls parts are m a condition of unstable equilihriunL with the 
addition, however, that every disturbance of this unstable equilibrium will become 
sooner or later again compensated, whereby the irritable condition again reappears ; 
since the peculiar characteristic of irritable organs consists in that, in consequence of a 
stimulus, a stimulation is in fact called forth — i. e. a new condition, in which the same 
stimulus can no longer be effective — ^but that after some time the stimulation ceases, 
and the organ again returns into its original state, whence it can then again be driven 
to the same stimulation by the same stimulus. The peculiarity of irritable organs lies 
less in the fact that their parts can be set in motion in virtue of the unstable 
equilibrium, than in the fact that they subsequently again resume their irritable con- 
dition — their unstable equilibrium — spontaneously. 

Let us dwell a little longer upon these matters. We may look upon a house of 
cards, as built by a child, as a very well-known example of unstable equilibrium : a 
slight push suffices to make the whole of the artificial structure tumble down. 
Here also we have a strikingly large effect consequent on a small cause, as is 
usually the case with phenomena of irritability; but the fallen card-house does not 
rebuild itself again on its own account, and is thereby distinguished from an 
irritable organ. Something very similar occurs with crystals. The same chemical 
compound, the same salt may often crystallise in two different forms, but so 
that the one crystalline form arises only under very definite and narrowly cir- 
cumscribed external conditions, and corresponds to an unstable equilibrium of the 
molecules ; while the other crystalline form of the same salt is stable. The one 
unstable arrangement of the molecules can therefore be transformed by insignificant 
external alterations into this second stable form, and this occurs in a manner which 
calls to mind very strikingly the phenomena of irritability of organisms. Among the 
numerous examples known I will only dwell upon one, because I have myself had 
the opportunity of becoming more closely acquainted with it. It was first, however, 
described in Gmeliffs ^ Handbuch der Chemiel B. J., 1843, P* 95 - 'Potassium nitrate 
(saltpetre) usually crystallises in prisms of the arragonite-form. If, however, a drop of 
the potassium nitrate dissolved in water is allow'ed to evaporate on a. glass plate, and 
the crystals observed under the microscope as they form, it is noticed that in addition 
to crystals of the arragonite form,, obtuse rhombohedrons of the calcspar form 
also are formed at the edges of the drop* On further growth, as the two kinds of 
crystals come into proximity, the rhombohedra become rounded off and dissolve, 
because they are more easily soluble, while the prisms of the arragonite-form go on 
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growing. If the two kinds of crystals come into direct contact, the rhombohedral 
ones instantly become cloudy, the surface uneven, and prisms soon grow out 
from many points of their margins. On contact with other solid bodies also, the 
rhombohedra are transformed if still moist. If the liquid is in very thin films 
and dries up around the rhombohedra before they are destroyed, the crystals retain 
their form for weeks without efflorescing, and endure moderate pressure of foreign 
bodies without change ; but with stronger pressure or scratching, as well as on 
mere contact with a prismatic crystal of saltpetre, they become transformed into 
the prismatic form — a delicate cloud spreads over the surface, starting from the 
point of contact, and they now behave to solid bodies like a heap of fine dust, 
remaining at the same time transparent however/ 

I myself observed in a group of rhombohedra of potassium nitrate, in mutual 
contact in a drop under the microscope, that %vhen a prismatic crystal of the same 
salt was pushed into the drop and came in contact with one of the rhombohedra, 
the latter not only at once became cloudy, but the rhombohedra which were in 
contact with one another were also progressively rendered cloudy. This clouding, 
moreover, indicated the breaking up of the rhombohedron into innumerable small 
prisms of the arragonite form. The most remarkable point in the matter is, 
that it is only contact with saltpetre crystals of the arragonite form which is able to 
call forth this alteration in the rhombohedric saltpetre crystals; for the quadratic 
tablets of potassium ferrocyanide and the triclinic prisms of potassium chromate 
may be in contact with the rhombohedral saltpetre crystals in a common mother- 
liquor, without any change whatever occurring. 

These processes have one point in common with the phenomena of irritability 
in organisms ; viz. that an entirely specific and at the same time mechanically 
insignificant external influence produces an effect which corresponds to it neither 
quantitatively nor qualitatively. And similarly also in many other cases. Thus 
Gmelin says (loc. cit.), * Mercuric iodide (Hgig) crystallises at ordinary temperatures 
in red quadratic tables ; on sublimation at a high temperature, on the contrary, in 
yellow rhombic tables. The red crystals whenever they are heated become yellow, 
and again turn red on cooling. The yellow crystals obtained by sublimation remain 
unaltered on cooling, but on rubbing or contact the point touched turns red, and this 
colour extends itself through the entire group of crystals, with a movement as if the 
mass were animated. The external form of the yellow crystals is here maintained, 
while the molecules take up the position of the other crystalline system. Each time 
these are heated they become yellow, and again turn red on cooling.' 

Among numerous other examples I will only quote the behaviour of sulphur, 
mentioned by Roscoe and Schorlemmer. If a hot solution of sulphur in alcohol, oil 
of turpentine, or carbon disulphide is quickly cooled, there separate out first a few 
monoclinic and then rhombic crystals. The rhombic ones correspond to the stable 
equilibrium at ordinary temperatures, since Mitscherlich found that monoclinic sulphur 
(w^hich is formed on quickly cooling from a high temperature) slowly passes over at 
ordinary temperatures into rhombic, the monoclinic crystal being transformed 
into a group of rhombic crystals. This transformation proceeds more rapidly if the 
monoclinic crystals are shaken or scraped, or exposed to the sun, and a definite 
quantity of heat is set free in the process. 
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I have quoted, these remarkable processes occurring in crystals in iiiiistration 
,of the fact that the same chemical substance is able,- according to circumstances, 
to have its molecules arranged either in unstable or stable equilibrium, and tliat 
by means of certain external impulses the unstable arrangement may pass over 
into the stable one. The majority of the phenomena of irritability, however, give the 
impression that in their case also conditions of unstable equilibrium are transformed 
into Gonditions of stable equilibrium by means of small external influences. This 
comes out with especial clearness in such cases as the irritable leaves of the Mimoste, 
where a light touch or other mechanically insignificant influence suffices to transform 
the state of unstable equilibrium of the organ suddenly into a new state, wliicli 
we might regard as the stable one; only of course with the difference already men- 
tioned, that in this case, when the stimulus has ceased to act, the new condition returns 
again to the previous one — the stable condition returns to the unstable one. There 
is, however, yet, another series of facts which support this view. Just as the unstable 
crystalline form of certain salts continues only within narrow limits of externa! 
conditions, passing over into the stable form when they are transgressed, so also 
the irritable condition of an organ exists only within certain limits of externa! 
influences, during specially favourable circumstances ; if these are transgressed the 
irritable — i.e* the unstable — condition ceases to be, and the organ loses its irritability, 
i.e. it assumes a condition of stable equilibrium. It is of special interest for an insight 
into the phenomena of irritability to take these facts somewhat closely into con- 
sideration: this I did in the year 1863 in a treatise entitled ' VonibergeMndt Siam- 
zustande periodisch hewegUcher nnd reizharer Pflajizenorgane! 

* From among the details in the work j-ust mentioned I may take the following state- 
ments as examples : — 

(1) Temporary coM-rigor occurs in the motile organs of Miniom pudica^ the 
conditions being otherwise favourable, when the temperature of the surrounding air 
remains for some hours below T 5° C. The lower the temperature falls below i5®C, 
the more rapidly the rigor sets in ; the first to disappear is the irritability for contact 
and shaking, later that for the influence of light, and Anally even the spontaneous 
periodic movement. When the temperature of the air is below 2 2° C. the lateral 
leaflets of Hedysarum gyrans are rigid, according to Kabsch. 

(2) Temporary heat-rigor occurs vn. Mimosa^ in moist air at 40° C. within 
I hour; in air at 45° C. within 30 minutes; in air at 49-50° C. Within a few minutes. 
The irritability returns after a few hours in air at a favourable temperature. In 
water the cold-rigor of Mimosa occurs even at a higher temperature (viz. within 
15 minutes at 16-17° C.) and the heat-rigor even at a lower temperature {viz. at 
36-40° in 15 minutes) than in the air. During the heat-rigor, in air as well as 
in water, the leaflets are closed, as after stimulation; but the stalks are directed 
steeply upwards, whereas in the stimulated condition they point downwards. 

(3) Temporary dark-rigor. If plants, with periodically motile leaves, which 
are also irritable for light or shaking, such as Mimosa, Acacia, Trifolium, Phaseohs, 
Oxalis, are placed in darkness, the spontaneously periodic movements occur, apart 
from the changes in position effected by the light stimulus, only so much the more 
distinctly, and also the irritability for contact remains at first undisturbed. But this 
motile condition disappears completely when the darkness continues for one or several 
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days ; rigor due to darkness sets in. If -then a plant which has passed into the 
state of rigor due to darkness is again placed in the light, the motile condition 
reappears after several hours, or, according to circumstances, only after several days' 
exposure to the light. 

Very profound darkness is by no means necessary for inducing this condition 
of rigor, however; on the contrary, it sets in w'hen a plant which requires much 
light, as 3 Imdsa, remains exposed for several days to deficient illumination, such as 
prevails at a distance from the windows in the interior of an ordinary dwelling-room. 

In contrast to the rigor due to darkness I have designated the normal condition 
of motility caused by the alternation of day and night as Phototonus. From what has 
been said, then, such a plant after it has been placed in the dark is found for some 
time longer (several hours or even days) in the condition of phototonus, which then 
gradually disappears ; in the same way the plant under normal vital conditions is in 
the condition of phototonus during the night. A plant which has passed into the 
state of rigor due to darkness, on the other hand, retains this rigor for some time 
(hours or even days) after being placed in the light. Both conditions of the plant 
therefore pass over into one another only slowly. 

Even on the setting-in of rigor due to darkness, in the case of Mimosa the 
irritability for shaking disappears first, then the periodically spontaneous movement. 
In like manner a Mimosa which has passed quite into the state of darkness-rigor 
regains first its periodic movements, and then the irritability. 

The position of the various parts of the leaves of Mimosa in rigor due to darkness 
is different from that produced by darkness on phototonic plants, and even different 
from that in heat-rigor : in rigor due to darkness the leaves are fully expanded, ^the 
secondary petioles directed downwards, and the primary stalk almost horizontal. 

Alterations in the intensity of the light act as stimuli to movement only on healthy 
plants which are in a state of phototonus: leaves in a state of rigor due to darkness do 
not react to variations in the intensity of the light, until owing to long-continued illu- 
mination they have regained the phototonus, when they then become stimulated to move- 
ments by changes in the intensity of the light. I convinced myself of this in the case 
of Acacia lophanika, A specimen had been left for five clays in the dark, where 
for forty-eight hours it had given up nearly every trace of its spontaneous periodic 
movements. It was then placed in a window where, the sky being cloud}', it 
placed its leaflets decidedly downwards within two hours, and then small changes of 
position took place in the secondary petioles also ; in this condition, however, the 
plant was nevertheless in a state of darkness-rigor, for when it was placed in the 
dark about 12 o'clock (noon) with another plant of the same kind which was in 
phototonus, its leaves did not change their position, and its leaflets remained open, 
whereas the other one within an hour assumed the most pronounced nocturnal 
position and its leaflets closed. Both were then placed in the window, where the 
plant in a state of dark-rigor opened its leaves in one hour, the sky being cloudy. 
In the evening of this day the lower six leaves remained still rigid and open, but the 
upper eight or nine leaves were closed : next morning, however, all the leaves again 
expanded to the normal diurnal position. Trifoiium incarnahim behaves in a similar 
manner, although differing in details. 

It is to be noticed that in the case of the plants which I have observed, the 
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positions of the leaves in rigor due to darkness resemble tlie diurnal position much 
more than the nocturnal position of those of phototonic plants. 

(4) Temporary drought-rigor. I have only observed this in plants of M/mom 
pudica. If the soil in the pots in which they are growing is left for some time 
without watering, the irritability of the motile organs visibly dinhnislies as the 
drought increases, and an almost compile rigor then sets in, the primar}' petioles 
stand horizontally, and the leaflets are expanded. In this case the leaves which have 
become non-irritable' to stimuli are neither wdthered nor drooping ; but watering the 
soil causes a return of irritability within tw’O or three hours. 

(5) Temporary rigor due to chemical influences. In this category I include 
particularly the condition termed by Dutrochet Asphyxia, which occurs in Mimosas 
wdien they remain for a time in the vacuum of the air-pump. During the exhaustion 
the leaves become folded together, probably in consequence of the shaking ; then the 
leaflets expand, the petioles become erect, and while the leaves assume a position 
similar to that in rigor due to darkness, they remain rigid, and are neither periodically 
motile nor irritable to shaking. When brought into the air the plant again becomes 
motile. It can scarcely be doubted that the vacuum causes the rigor essentially 
by withdrawing the oxygen of the air and therefore suspending respiration. 

Kabsch confirmed these statements, and showed that the stamens of Berkrisp 
Mahonia, and Helianthemum also lose their irritability in a vacuum, regaining it 
in the air. 

The disappearance of irritability of the stamens mentioned, in nitrogen 
and hydrogen, is according to Kabsch probably also to be referred to the 
mere suspension of respiration: the irritability returns on the access of air. It 
must, on the contrary, be regarded as a positively injurious chemical effect — 
poisoning — when the irritability of the stamens of Berherzs disappears in pure 
carbon dioxide, or in air containing more than 40 7o 0^ as the same 

observer states to be the case. If they remain for three or four hours in carbon 
dioxide the irritability returns only after several hours in the air. Carbonic oxide 
gas mixed with air to the extent of 20-25 % ^annihilates' the irritability; w’hereas 
nitrous oxide gas behaves indifferently. The stamens placed in nitric oxide, 
on the contrary, become bent after if to 2 minutes towards the pistil, and lose 
their irritability. Ammonia gas appears to produce a transitory condition of rigor 
after a few minutes. 

Even in pure oxygen, according to Kabsch, a condition of rigor sets in ' 
after f-i hour, from which the stamens recover subsequently in the air. 

The vapours of chloroform and ether suspend the irritability of the motile 
organs (for variations of light also ?) without destroying the life, if the effect 
does not continue too long. If entire plants or separated branches of IMimosa 
are placed in an atmosphere highly charged with these vapours, the irritability 
may disappear even in a few minutes. If the organs have been previously 
stimulated, they nevertheless now rise up (without being irritable), at the same 
time becoming more rigid. . The action of the vapours of chloroform or ether 
is a purely local one, only the organs directly exposed to them losing their 
irritability. 

(6) By means of frequent stimulations (vibrations) repeated at short intervals 
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the puMni of Mimosas are put into a condition in which they do not respond 
to stimuli, although they rise during the continued stimulation, and assume a 
position of rest as if they had been left alone after the first shock. The irritability 
for new shocks— i. e. descent under their influence — does not begin to be restored 
until 5-10 minutes after the cessation of the shocks. 

(y) Temporary rigor due to electric influence was found by Kabsch to occur 
in the gynostemium of Stylidiuni. A feeble current acted as a stimulus like 
vibrations; a stronger one caused a loss of irritability, which returned again,* 
however, after halfian-hour. In Hedysarum gyrans, on the other hand, the leaflets 
which had become immovable in cold-rigor (at 22° C.) were set in movement by 
the action of induction currents. 

There are two other .observations regarding stimulation which have led to 
particular remark, and even astonishment ; these are the propagation of a stimulus, 
and the after-effects of it. Careful consideration, especially based on the phenomena 
described at the beginning of the present lecture, shows, however, that both the 
propagation and the after-effect of a stimulus can be- by no means accidental 
peculiarities, but that both must be necessary characters of all phenomena of 
irritability, 

The propagation of a stimulus, regarded in the first place merely as matter 
of fact, is particularly well seen in the Mimosse and in tendrils. If, for example, 
any one of the small leaflets of a leaf, on a shoot of Mimosa with five or six leaves, 
is stimulated by means of the hot focus of a burning glass, all the other leaflets of 
the same leaf gradually fold together, and after a short time the large motile 
organ at the base of the main petiole also becomes bent, and again after a few 
seconds the stimulation extends to the nearest neighbouring leaf, then to the succeed- 
ing one, and so on, till at last all the leaves of the shoot have made the movement ; 
this of course only happens if the Mimosa is in a condition of the highest irritability. 
In the case of long tendrils the propagation of the stimulus is effected in such a way 
that a curvature results first at that point of the tendril which is immediately in 
contact with a solid body; the curving action proceeds from this point, however, 
both upwards and downwards in the tendril. The latter then forms, in the course of 
a few minutes or hours, a wide loop which narrows more and more, and closes on 
the thin support : then follows the free end of the tendril, which winds itself fast 
round the support, and finally, after several hours, the stimulation makes itself 
evident also in that part of the tendril which lies between the clasped support 
and the base of the tendril. This portion becomes rolled up spirally like a 
corkscrew. 

These examples illustrate particularly clearly both the propagation in space and 
the after-effect in time of a stimulus. As another example, especially concerning the 
after-effect, I may refer in anticipation to the heliotropic and geotropic curvatures. 
If, for instance, an erect shoot-axis growing vigorously in length (e. g. seedling 
stems of Buckwheat, Indian Cress, Mustard, the flowering scape of the Crown 
Imperial, &c.) is illuminated from one side, even for only one or two hours, when 
-there is at first no very noticeable curvature, and if the plants are then left for 
a time in profound darkness, the curvature towards the previous source of light 
already introduced continues for some hours, and may become very considerable. 
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The .case is very similar;’ with geotropic ejects: if an erect growing stem (c. g. of 
Bipsacus) is allowed to remain for one or two hours in a horizoiilal position, here 
also the curvature is as yet scarcely noticeable. If the sljoot is now placed erect, 
and thus brought into a position where the stimulation due to gravitation ceases, the 
stimulation already introduced during the horizontal fjosition nevertheless goes 
on acting; the stem continues to cum for several hours, llje concavity becoming 
more and more pronounced on that side w^hich was turned upwards in the previous 
horizontal position. And no doubt in the case of every phenomenon of iiTitability 
there is not only a propagation in space of the stimulus, but also an after-effect in 
time, although not always so evident as in these cases. 

As regards the explanation of these phenomena, it may be said quite gene- 
rally, first, respecting the after-effect in time, that every effect whatever in Nature 
occupies a certain time — in fact Time itself is nothing more than the course of 
natural phenomena. When a cannon is fired off at rooo meters distance, the, flash 
of light is seen almost simultaneously, because the movements of light travel so 
exceedingly rapidly; the report however is not perceived until several seconds later, 
because the waves of sound travel much more slowly. The interval of time lying 
between cause and effect depends on the properties of the medium in which the 
effect is propagated. And the same is the case with the phenomena of irritability ; 
it depends on the irritable structure of an organ whether the external stimulus or 
shock sets it in motion suddenly — i. e. in a very short time— or whether the given 
shock requires a longer time for its action. If the leaf of a Mimosa is irritable in a 
high degree, a vibration acts almost instantaneously, and the same is the case with a 
leaf of Dionoea; but if these drgans are feebly — i. e. less— irritable, then the movement 
caused by the shock is slow. Or, as we may also say, the more unstable the 
equilibrium in the molecular structure of the irritable organ is, the more rapidly will 
any shock acting as a stimulus set the organ in motion. Nevertheless it may also 
depend upon other circumstances how much time intervenes between the external 
influence and the subsequent visible stimulation : the more complicated the mutually 
acting causes and effects are which finally bring about the visible stimulation move- 
ment the longer will be the time consumed in the matter. Since then the effects of 
stimulation in general usually depend upon very complicated chains of causes, they also 
as a rule make their appearance slowly, and this is especially true of most of the stimu- 
lations occurring in plants. It was this very slowness which caused the general fact 
of the irritability of plants to be so long overlooked, and subsequently under-estimated. 

If the effects induced by contact, vibration, alterations of light and tem- 
perature, &c. occurred with the same rapidity in plants as do the corresponding 
stimulations in animals, plants would appear no less irritable than animals ; and if we 
imagine the stimulations which are continually occurring in plants to take place a 
hundred times as rapidly as they really do, our gardens, fields, and meadows would 
present very strange and uncanny movements. 

The rapidity with which stimuli call forth their corresponding effects is in 
animals, as a rule, much greater. Between the opening of the closed eye -and the 
perception of light scarcely any time at all seems to pass, and in like manner a sudden 
wounding of the finger seems to call forth its reflex motion instantaneously. But no 
physiologist doubts that in both cases a small interval of time elapses, and compared 
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with the enormous velocities with which cause and eifect may follow one another in 
the domain of pure physics and chemistry, even the perceptions of our senses are but 
very slow processes. 

Respecting the propagation in space of stimuli in plants, then, we may here 
refer to quite similar relations among purely physical processes. A physical effect is 
scarcely ever confined exactly to the spot where the effective cause acts, and this is to 
be explained simply from the fact that the material parts of the body in which the 
action takes place are mutually held together and arranged by means of forces. If a 
stretched string is jerked at one point, the whole string vibrates ; if one end of a long 
train of gun-powder is set on fire, the whole train explodes progressively, and so on. 
And we have to conceive of the propagation of a stimulus in an organ in a similar 
manner. If, for example, a single place of an irritable tendril is stimulated by contact 
with a solid body, this means that at this spot the unstable equilibrium in the molecular 
structure of the organ is disturbed ; but the neighbouring parts are also connected with 
those immediately disturbed, and stand in a certain equilibrium with these, so that if this 
equilibrium is disturbed at one point, the disturbance is propagated to the neighbouring 
points also, and the propagated disturbance acts again and again on neighbouring 
points, so that at last parts of the orgail far distant from the points originally 
stimulated are set in motion; and it is just in these things that the previously 
mentioned disproportionality between stimulus and stimulation comes out particularly 
clearly. But in this respect also the effects of stimulation in animals usually surpass 
those in plants. In tendrils, irritable Mimosse, and in many other cases, the propagation 
of the stimulus proceeds only exceedingly slowly : several seconds, minutes, or even 
hours pass before the local stimulation has traversed dt path of 10 to 20 or 30 cm. 
This takes place much more rapidly in the case of animals, where, moreover, special 
organs exist — viz. the nerves— for the rapid propagation of the stimulations : these 
are wanting in plants. But even in the nerves of man himself the stimulus advances 
only about 30 meters per second, and this must be termed an exceedingly slow 
movement, compared with the inconceivable velocity of an electric current or of a ray 
of light, or even compared only with the velocity of sound in air. 

We may, as already mentioned, regard the numerous periodic movem*ents in the 
vegetable kingdom as a special category of phenomena of irritability. In cases 
where the external conditions are quite constant, where the temperature, light or dark- 
ness, or the degree, of moisture is perfectly constant, where no vibration occurs, and 
so forth, periodically motile organs, as found particularly often among leaves, perform 
movements of such a kind as to bend sometimes to one, sometimes to the other side, 
either with considerable velocity or very slowly. Thus we find continual vibrations 
to and fro in the case of the small lateral leaflets of the compound leaf of Hedy- 
sarum gyrans (an Indian papilionaceous plant allied to our Sainfoin) when the 
temperature and illumination are high and constant; and in the same way the 
leaves of Mmosa, OxahSy TrifoliumyAcacia^ and other plants go on moving in constant 
darkness— i. e. their motile organs slowly bend upwards and downwards by turns. • 
The most astonishing point in such cases, to those unacquainted with science, 
lies in the fact that effects are here taking place for which no apparent causes are 
present. When a movement is induced by a mechanical shock, however slight, or by 
a mere alteration in the intensity of the light or of the temperature, &c., this obviously 
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accords with our requirements of causality; but in the processes .mentioned that is 
simply not the case, and it is just this which must impel us to seek for. the causes 
or shocks which produce the movements named. At presentj howeverj we can only 
oifer suggestions in this connection. We may, if need be, imagine that by means 
of the continually recurring chemical processes in the living parts of plants, 
changes are produced in the state of the protoplasm, and by this again in the 
; turgescence of the cells, and if the latter are more pronounced sometimes on the one, 

sometimes on the other side, the parts of the organ concerned must bend alternately 
to and fro. Now this is of course simply a hypothesis, because we are seeking 
a cause which renders these phenomena explicable. We have it is true already 
met with ■ the fact that the excretion of water in decapitated root-stocks 
exhibits a periodically varying course, w'hich is apparently independent of ex- 
ternal impulses, and in the same way we found a periodicity in growth in length ; 
and this presents very great similarity with the periodic movements referred to, 
i. e. the periodically varying nutations of growing stems, tendrils, and so forth, for 
Which likewise external impulses are wanting, or at least appear to be wanting. We 
thus find ourselves here on the boundary of a still very obscure domain of science, and 
in such cases it is often an advantage even to be able to avoid the grosser errors. But 
I such an error would decidedly exist in the assumption that periodic phenomena must 

j; necessarily be due to periodically varying causes — an error which, as it almost seems, 

I prevails in the whole literature of this province, although there is by no means a lack 

j of examples showing that, in the domain of mechanical and physical science, periodic 

I movements are produced by constant causes which do not vary periodically. The 

periodic vibrations up and down of the haulms in a field of corn are due to the 
pressure of a constant current of wind and the constant elasticity of the haulms, 
and thus we have the interesting phenomenon of wave-motion in a field of corn. In 
the same way the periodically varying action ©f a hydraulic ram is effected by the 
constant flowing of water into the machine itself, other circumstances also being 
constant. Nay, even the periodic alternations of day and night and of winter and 
summer arise from the constant revolution of the earth, and its constant course 
;; round the sun. 

i It would lead us into very tedious and difficult developments of ideas if I 

I were to attempt to show how periodically varying phenomena must proceed from 

■ causes which act constantly; it suffices here to make the fact evident as such, 

because it protects us from the error of regarding it as necessary to refer the periodic 
movements of many organs of plants to a periodic variation of their causes. There 
are, ho^vever, also many other likewise periodic changes in the vegetable kingdom, 
wffiich can be easily referred to definite periodically varying causes : for instance, the 
so-called sleep-movements of leaves, and the periodic opening and closing of many 
I flowers. In the case of the phenomena here under consideration it is not so, 

however. 

5 Nevertheless, we are warranted in regarding the so-called spontaneous or 

i independent periodic movements as phenomena of irritability, just as animal phy-* 

I siologists place the periodic pulsations of the heart in the series of phenomena of 

j animal irritability. While it is in other cases the first object of research to uiider- 

i; stand the course of a manifestation of irritability from a known external impulse, 
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in the present case on the contrary the first problem is to seek for the impulse^ 
because we premise on the basis of the principle of causality that such an impulse 
must actually exist. ' The preceding considerations will at least have made it clear 
that the constant course of molecular and atomistic processes which constitute 
life in general may give rise to periodic alterations in the interior of the cells, 
and we may regard these latter again simply as stimuli, from which the visible 
periodic movements arise as effects. 

I have repeatedly had cause to refer to certain resemblances between the 
phenomena of irritability in the vegetable kingdom and those of the animal body, 
thus touching a province of investigation which has hitherto been far too little 
cultivated.. In the last instance, indeed, I might say animal and vegetable life 
must of necessity agree in all essential points, including the phenomena of irri- 
tability also, since it is established that the animal organism is constructed entirely 
and simply from the organic substances produced by plants, and ultimately it is 
simply from the properties of these substances that all vital movements, both of 
plants and animals are to be explained. . Since it is possible for not only other 
animals but even man to be nourished by seeds and tubers of plants, and the 
substance of the human body produced by this nutriment is able to carry out all 
sensitive perceptions, all the periodic motions of the heart, and finally also the 
functions of the entire nervous system, including those of the brain, we must refer 
it to the properties of those substances which have been produced by plants from 
mineral matters, water, and carbon dioxide under the influence of sunlight. 

Returning from these general considerations to definite comparisons between 
the animal and the plant, I would make special mention of that exceedingly 
remarkable phenomenon in animal life, termed by its great discoverer, Johannes 
Muller, the specific energies of the sensory nerves. As is well known, we under- 
stand by this the fact that for instance the optic nerve “ responds to any given 
excitation whatever with the sensation of light: true, this sensation is as a rule called 
forth by the vibrations of the luminiferous ether, but even electric currents or mere 
concussion or diseased conditions impel the optic nerve to the sensation of light. 
In the same way the auditory nerve is impelled to the perception of sound not 
merely by waves of sound, but by every change which affects it, and similarly 
with the remaining organs of sense. 

Now I pointed out several years ago that even the organs of plants are 
provided with similar specific energies. Irritable organs in plants are indeed, like 
the sense-organs of animals, sensitive to a definite category of stimuli, but they 
can very often be affected by other stimuli also, and in this case the stimula- 
tion is always the same. This appears most distinctly, for example, in the case 
of growing internodes and leaves. If they are illuminated from one side they 
become curved, and if brought out of their normal position they are caused to 
make exactly similar curvatures: the. one mode possible for responding to any 
stimulus whatever is simply this curving. The matter only obtains its full signi- 
ficance by means of the fact, which I rendered clear, that every individual plant- 
organ responds to the influence of light as W'ell as to that of gravitation in a manner 
specifically peculiar to it, and it is upon this that the previously mentioned anisotropy 
of the parts of plants depends. No less clear is the specific energy of tendrils: as 
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a rule, their" irritable movement results from 'gentle contm with a solid body, but 
vibration as well as cutting off or burning the apex of the tendril causes its upper side 
to curve, since it grows more rapidly than the lower side, and these curvatures only 
differ in the different cases because external mechanical condidons irilliicnce the 
course of curvature. The identity of the effect of stimulation in cases where totally 
diiferent stimuli act on the growing root-tips is particularly striking: iliumination from 
one side, geotropic action, pressure on a solid body, the influence of adjacent moist 
surfaces, and, as it appears from Elfving's recent researches, even constant electric 
currents produce exactly the same kinds of curvatures. The organ possesses only 
this one mode of responding to stimuli of the most various kinds. In our subsequent 
consideration of the phenomena of irritability in Mimos^e, when the details are 
more closely examined, we shall moreover be permitted to obtain a deeper insight 
into the specific energy, since we shall there be in a position to understand the 
mechanism of stimulation generally, and therefore also to comprehend wliy entirely 
different stimuli must call forth the same effect in the organ. 

In concluding these considerations there are still a few remarks to be made on 
the significance of irritability for the life of the plant generally. Clothed in words 
somewhat different from those employed at the beginning of the present lecture, * 
we may define irritability as- the mode in which a given organism, or a definite 
organ belonging to it, reacts to the external world. On this continuous reaction 
between the external world and organic structure depends generally the life not 
only of plants, but of animals also, as was described in detail in Lecture XIL 
The organism itself is only the machine, consisting of various parts, and •which 
must be set in motion by the action of external forces: it depends upon its structure 
what effects these external forces produce in it. It would betray a very low 
level of scientific culture to see in this comparison a degradation of the organism, 
since in a machine, although only constructed by human hands, there lies the result 
of the most profound and careful thought and high intelligence, so far as its struc- 
ture is concerned, and in it there subsequently become effective the same forces of 
Nature which in other combinations constitute the vital forces of an organ. The 
comparison of organic life with inorganic processes can thus only be held*as a 
debasement of the former, if one has become so foolish as to look upon the latter as 
something low and common, whereas the incomprehensible magnitude and all-per- 
vading powder of Nature is equally evident in both cases. 

If then irritability is, as said, fundamentally nothing other than the reaction of 
the organs towards the outside world, determined by means of their structure, 
which in fact argues by itself a similarity in kind of both, it follows thence directly 
that the phenomena of irritability both in the vegetable and animal kingdom must in 
the main be full of purpose. What I understand by this has already been stated at 
the conclusion of Lecture I : all those adaptations in the organism are purposeful, 
which contribute to its maintenance, and insure its existence. 1 his is not to say 
that every individual irritability is at once or absolutely decisive for the life of an 
organism, since organisms are fortunately not so perfectly adapted to external 
conditions; but we may probably say that, on the whole, the possibility of life 
depends on the co-operation* of the irritabilities of the various organs. To 
emphasise one point only ; how couM an ordinary terrestrial plant live if its roots 
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were not impelled by various kinds of irritabilities — heliotropism, geotropism, sensi- 
tiveness to contact, damp surfaces, &c.— to penetrate into the soil in order to collect 
nutritive substances and to obtain a hold-fast, while the assimilating shoots and organs 
of reproduction are impelled by irritabilities of other kinds to grow forth above 
the substratum and receive the vivifying influence of light, in order to assimilate 
and bear fruit ? 

By this example we are led on to yet another point of great importance 
namely, the fact that by means of the same external influences reactions 
exactly opposite in kind, though otherwise similar in nature, may be called 
forth, so that we may in fact speak of a positive and a negative heliotropism for 
instance; and a similar contrast is noticeable in the case of other reactions also 
Of course the facts here coming into consideration can only be rendered clear in 
succeeding lectures; but so much may be said even here, in anticipation of more 
exact knowledge of them, that if the same external cause induces exactly opposite 
effects in the organs, the explanation of this must simply be sought in the different 
structure of the organs. If one organ when illuminated from one side becomes curved 
so as to be concave on the side turned towards the source of light, while another 
becomes convex on that side, the cause can only lie in the internal structure of the 
organ. But it is just on such differences of structure that the great variety of 
reactions which the most different plant-organs exhibit towards the same external 
influences depends ; and, fundamentally, all that we term Biology— the modes of life 
of organisms depends upon the fact that different organs react differently towards 
the same external influences, and these reactions differ not only cjualitatively but also 

quantitatively, the finest gradations existing in both cases. 
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IRRITABILITY AND MOBILITY OF PROTOPLASMIC STRUCTURES. 

The phenomena to be described here have already been in part superficially 
examined in Lecture VI, but only a few of the chief points were there touched upon; 
this was necessary in order to give those still unacquainted with the nature of the 
vegetable cell an approximate idea of the nature of protoplasm. What has there 
been said may therefore serve as an introduction to the present subject, and I may at 
once pass on without preliminary explanations to the subject itself. Here also there 
is no lack of bewildering variety in the phenomena, and this affects the treatment of 
the subject the more, since we are as yet by no means in a position to refer the 
irritabilities and movements of protoplasm to any general principle ^Yha^eve^. At 
present it is scarcely possible to speak of a comprehension of the processes from the 
point of view of mechanics, indeed in many cases the merely sensible apprehension 
of the processes, which are for the most part microscopical in range, presents great 
difficulties even to a trained eye. Since in these lectures I avoid on principle entering 
into difficult questions with discursive and technical discussions, and while with 
respect to this point I refer to the notes at the end of the lecture, I shall select from 
the variety of phenomena only a series of such as we may regard as different types. 
This will perhaps best conduce to the reader obtaining a clear idea of the matter. 

The protoplasmic structures of which the movements and irritability are particu- 
larly conspicuous to the observer are the swarm-spores of many Algse and some 
Fungi already occasionally referred to, and the antherozoids (also in other respects 
similar) of the Mosses and Vascular Cryptogams. Swarm-spores are naked, sharply- 
defined protoplasmic bodies, usually of the shape of a fowl’s egg : the larger thicker 
half, in the case of those Algae which contain chlorophyll, being green, the anterior ' 
narrower moiety colourless. Deviations from this common form, however, appear in 
various degrees : the size also differs extremely, the swarm-spores of some Vaucherias, 
for example, being visible in a good light even to the unaided eye of a sharp observer, 
while the smallest forms can only be seen with high powers of the microscope. 
Between these extremes are found all possible degrees of bulk. It may be noted 
by the way, though it need concern us no further here, that many swarm-spores are true 
sexual organs, while others are not Some of the minute organisms belonging here 
are during their wffiole period of life in oscillatory motion ; in others this motile stage 
is very soon over, they become fixed to some body by the end which swims forwards, 
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and which now developes into an anchoring root, and then begin to grow. This ques- 
tion also has no interest for us just liow — we are concerned only with the mobility and 
irritability. That this can in no way be due to the contained chlorophyll, follows at 
once from the fact that there are also -swarm-spores — those of the Fungi — which 
contain no chlorophyll ; and in like manner the antherozoids or spermatozoids, like 
them so far as motility and irritability are concerned though usually very different in 
shape, are devoid of chlorophyll. Here also I exclude those structures which in other 
respects resemble swarm-spores in origin and function, in which the movements 
of translation are produced partly or wholly by alterations in the form of the body, 
and where we have thus to do with creeping movements, the typical form of which, 
moreover, we shall subsequently consider in the case of plasmodia. Still more 
definitely to be excluded here are the movements of the Oscillatoriee, Bacteria, Bacil- 

larise or Diatomacese, and similar cases, since we 
are still utterly in the dark even as to the preli- 
minaries with respect to the nature of their move- 
ment. 

The true swarm-spores and spermatozoa thus 
do not change their form and size during the 
movement. They owe their locomotion to certain 
very minute organs which even at the best and 
with very high powers are visible only with diffi- 
culty: these are the so-called Cilia, which may 
be compared as to form and mode of motion to 
an oscillating whip-lash, and that is about all that we 
perceive in them. As a rule, the cilia are situated 
at the narrower anterior end, singly, or more 
often in pairs, or fours ; in 82, 

Fig. 79) a circlet of numerous cilia exists at the 
boundary between the hyaline and green portions. 
The large swarmers of Vaucherm 108) are 

covered with innumerable very short cilia, as with 
a dense pile of velvet. Some spermatozoids also, especially those of Eqmsetu??i 
and the Marsiliacece, possess very numerous cilia, which are also very long. In some 
small swarmers, e. g. the spermatozoa of the Vaucheri^e, one cilium is situated at the 
side, the other on the pointed anterior apex, and in the case of the Euglense so 
common in foul ponds, and others, there is only a single very long active cilium 
at the pointed anterior end: in Chytridtmn, on the other hand, the single cilium 
is at the posterior end, like a rudder. As an especially interesting case again, 
mention may be made of the Volvocinege, a subdivision of the Algae: since here 
entire cell-families, consisting of 4, 8, 16, 32 or more individuals formed exactly 
like swarm-spores, make their movements in common because they are held 

together by a common exceedingly watery delicate cellulose envelope, so that the 
family constitutes a quadrangular tablet, or a sphere, or an ellipsoid, from the 
surface of which the long whip-like cilia of the individual elements project in pairs 
into the water. 

The various arrangements of these minute motile organs, wdiich however 
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always produce essentially the same kind of movement, shows already that a com- 
plicated problem of mechanics is here concerned, since we know almost nothing 
further of the movements of cilia than that they make serpentine or lashing move- 
ments in the water, from which the motion of the entire body tlien results. Where 
numerous cilia move simultaneously in this way, it is even questionable whctlier their 
oscillations are always simultaneous and alike in character; in fact it is not 
necessaiy to askume this in the case of the production of the ordinary rotating move- 
ment of swarmers, since we know from Thuret’s investigations that the relatively 
large oospheres' of the Fucacese are set in rotating motion by the convulsive 
movements of the numerous spermatozoa clinging to its periphery — this rotation 
evidently results from the very irregular strokes of these extremely minute (in 
comparison with the oosphere itself) bodies. 

Among the most significant mechanical points is the always considerable size of 
the swarm-spores in comparison with the extreme minuteness of the motile organs, 



FIG. 357 .— phivialis (after Cohn and Wichura). /resting spore j Il—VIII swarm-sporcs 
produced by the division of I. yiH—X the family produced by division of one swanxi-spore ; X/ a mature 
family rotating ; X/Z—X/F microspores produced by division of the ceils of J. 7 . 


the cilia. Of course their work is essentially facilitated by the fact that the swarm- 
spore possesses nearly the same specific gravity as the water; but it is obvious that it 
must always be a little heavier, owing to the specifically heavier proteid substance 
of the protoplasm. Dead swarm-spores therefore always sink to the bottom. The 
swimming itself, .so far as it only concerns suspension in the water, is thus work 
done by the cilia, but the friction which must necessarily take place during the 
rotation and progressive motion at the surfaces of the swarm-spore is perhaps 
greater even than this. From all that is known so far we must probably ascribe 
to the cilia also the irritability of which we shall consider the different manifestations 
later on. 

The form of movement which all the objects here under consideration exhibit con- 
sists in that in the first place they rotate bn their own longitudinal axes, usually swim- 
ming forwards at the same time; the movement is thus approximately that of a planet 
with its diurnal rotation and simultaneous flight away into space, or that of a shot 
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which is discharged through the air from a rifled barrel. Naegeli seems to have been 
the first not only to exactly study the motion of swarm^spores, but also to criticise 
them from the physical and mechanical point of view. It may therefore be of service 
to the reader to be made acquainted with his exact expressions as to the apparent 
and true velocity in the progressive movement of swarm-spores. 

' The movement of swarm-cells/ says Naegeli h ' is usually described as very 
active, and the rapidity with which they bustle about is no trivial reason for their 
having been designated animals. In this it has often been forgotten that one is 
looking through the lenses of the microscope, and that the swarm-cells are in 
reality much less active than they appear to be. When we observe them with a 
power of 300 diameters, it . is not only that the cells appear to us 300 times 
larger, but the motion also appears 300 times more rapid, since the space 
traversed in a given time is in fact also increased under the microscope 300 
fold. In a watch laid under the microscope, with a power of 100 diameters we 
see the apex of the long hand engaged in fairly rapid trembling and jerking move- 
ments, while the apex of the short hand proceeds extremely slowly, the movement 
scarcely perceptible. I observed the slowest continuous movement of the cell 
contents in Char a when the temperature of the water was i°C., the most rapid 
in the same plant when the temperature of the water was 37®C. The length of 
one foot, if the motion is calculated to that measure, would be passed over in 
the first case in fifty hours, in the second case in thirty minutes. Diatomacese 
at the ordinary temperature of the laboratory traverse one foot in X4~2i hours; 
they thus move about six times more slowly than the apex of the long hand of a 
watch. Swarm-cells take mostly about one hour, the most rapid only a quarter 
of an hour to pass over a distance of one foot. The most nimble equal in their 
movements the apex of the long hand of a clock, the face of which has a 
diameter of one foot and a-quarter, and would be left far behind by the laziest of 
snails^. Without magnification, even if the little plants were quite visible, their 
movement would not be seen, on account of its slowness. — The Infusoria move 
but little faster than the vegetable cells. Instead of the active animal movement 
of the latter, it Avould be more correct to speak of the slow plant-like movement 
of the former. 

'Whether the movement of a body appears to us rapid or slow, however, 
depends also on the relation between its size and the space passed over in a 
definite time. If an elephant and a mouse traverse an equal distance in the 
same time, we calTthe first slow, the second quick. A man in walking passes 
over some^vhat more than half his length in one second. The most rapid swarm- 
cell traverses in the same time a distance which is two and a half times as great as its 
diameter; the Diatomacese only the one-tenth part of their length, and short fila- 
ments of Oscillatoria merely the one-hundredth part of their length, longer ones 
much less.’ 

According to Naegeli, swarm-cells have three forms of movement; in many 

^ Naegeli, ^Dic Bewegung im PJlmizmreichl mlcus 2 iir wisscnsch. Bot.f Heft. 2 , ,iS6o, 
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^ The movement of s-warra-spores is thus slower than that of a particle of combined water and 
lithium which ascends in the wood during Active transpiration. 
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of them the anterior end (hyaline and provided with vibrating cilia) as well as 
the posterior green end of the axis of the body remains exactly in the path of 
progressive motion, be this straight or curved — they swim forwards rigid, and wdthout 
deviations. Others describe a direct or more or less curved spiral line, a rotation 
on the axis of the body always corresponding to a spiral revolution, so that the same 
side of the cell is always turned outwards while the axis of the body runs parallel with 
the axis of the spiral path. Thirdly, there are swarmers the anterior end of which 
describes a spiral line, while the posterior end describes a straight one, or a spiral 
with a smaller diameter. These forms of motion are only to be detected when the 
rotation and progression are slow. The motions of spermatozoids essentially agree 
with these, according to Naegeli, and he is convinced that if the form were regular 
• and the mass distributed symmetrically, the cells would swim in a direct line in a 
homogeneous medium, and that all deviations from this and the simple rotation round 
the proper axis of the body depend upon the fact that the moving bodies are not sym- 
metrically constructed, that their centres of gravity are not in the centre, and that they 
do not experience equal friction all round. The direction of the rotation is usually 
constant for each species, genus, or family; nevertheless there are exceptions, as in 
the tablets of Gonitmu It is often impossible, however, to convince one's-self of the 
direction of rotation in the case of unicellular swarmers ; and this, as Naegeli shows, 
depends on a peculiar optical illusion not yet understood [Tetraspora lubrica). The 
end which carries the cilia usually goes forw'ards, but it may also go backwards, and 
it then rotates in the contrary direction {Uloihrix speciosa). This reversion occurs 
when the swarmers rebound : they then rotate for a time at one spot, stand still, 
and go back (without turning round the body). The reversal of the rotation only 
takes place, how- ever, in so far that the end bearing the cilia is always regarded as 
the anterior one; if, on the contrary, the end which is in front during the pro- 
gressive movement (even when reversed) is termed anterior, then the direction of 
rotation is always the same, the backward movement always continues for a short 
time only, and is soon exchanged again for the usual one. 

The progressive and rotating movements stand also with respect to their velocity 
in a relation not exactly determined, and both are, according to Naegeli, apparently 
due to the same cause. As a rule the . one increases or decreases with the other ; but 
if a swarm-cell strikes anything it remains at the spot, but continues to rotate, and' 
occasionally one may be seen to move forwards without revolving. In the absence of 
all obstructions, however, both movements appear to be atays combined. On the 
other hand, cells are also seen which, with an equal number of revolutions in the unit 
of time, swim forwards with unequal rapidity, or with equally rapid progress revolve 
with unequal rapidity. — In these matters there are evidently individual differences 
(depending upon the organisation). Swarm-cells occurring in the field of view at the 
same time, and thus exposed to the same external conditions, move with unequal 
velocities: the cells of Teiraspora lubrzcayfoT traverse at i4°C. a space of 

one-fifth of a mm. in i -2-2*4 seconds, and revolve, striking against the upper or lower 
glass plate, once in 0-3-1 -8 seconds. — Heat also accelerates these movements of 
protoplasmic structures. According to Unger, the swarm-spores of Vaucheria 
traversed a distance of one inch in 63-65 seconds. 

The fact must not be overlooked that swarm-spores and spermatozoids com- 
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iiience their movements before they are yet free. In dividing Palmellacese I have 
.seen the movements begin in the early morning long before the division was finished; 
the daughter-cells' still hanging together in the middle trembled actively and 
began to swarm inside the mother -cell The swarming is no doubt on the 
whole the same movement as that of the free swfimming cells, only restricted by 

the continual impact of the cells 
one on the other within the confined 
space of. the mother cell- wall. A 
similar phenomenon exists in the 
movement of the spermatozoids 
within their cell- wall, before- they 
break through it. Thuret says of 
those of the Characeas, ‘ The anthero- 
zoids are seen to be agitated and 
to twist in all directions within the 
segments (cell-segments of the an- 
theridia) which enclose them ; after 
several more or less prolonged 
efforts, they escape to the exterior 
by a sudden movement, like the 
elastic rebound of a spring.' In 
the case of Fellia^ the Ferns, and 
Pilularia^ ^ according to Hofmeister, 
the spermatozoid also revolves before 
it escapes from its cell-membrane. 

The movements of swarm-spores, 
since they are true vital pheno- 
mena, only take place between cer- 
tain limits of temperature, and that 
an optimum temperature must exist 
for them at which the maximum 
of motility occurs, is only a special 
case of what was stated generally 
in Lecture XII : I shall therefore 
not go further into that matter. 
The irritability of swarm-spores for 
light, howaver, belongs not only to 
the most remarkable phenomena of 
irritability in the vegetable king- 
dom, but also, from the most 
recent investigations of Stahl and 
Strasburger, to those best known. 
Before giving the most important results, howaver, I .have still to mention a 
fact which comes of necessity into consideration here, and wLich w^as established 
by me about six years ago : this concerns the purely passive movements wdfich 
the swarm-spores undergo under certain circumstances, simply from currents in 
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the water, and the result of which was formerly also ascribed to their active 
movements h ’ 

In stagnant pools, ponds, hollows in stones, &:c., the water is often found, 
especially in the spring time, to be coloured of a more or less intense green by 
innumerable swarm- spores. If such green water is poured into an ordinary plate 
or other shallow vessel, and placed in the neighbourhood of a window, it is 
observed after some time that almost all the swarm-spores are collected at the margin 
of the vessel turned towards the window; occasionally, as shown in Fig. 3^9^, 
there appears at the same time, floating in the middle of the liquid, a green figure, 
the apex of w^hich is turned towards the window. If the fluid contains at the 
same time large and small swarm-spores (macro- and micro-zoospores), e. g. of 
Hmmatococcus plumalh^ &c., all the micro-zoospores are found after a little time at 
the margin of the water turned to’wards the window, and also at the surface ; 
while the macro-zoospores are collected at the margin of the vessel which is turned' 
away from the window, and also at the bottom of the water. If, on the contrary, 
the vessel referred to is allowed to stand in the middle of a room where the 
temperature is equable, or even outside the building where the temperature is 
everywhere alike, cloud-like aggregations of swarm- spores are formed in the centre 
of the liquid, and these Inay present the most various shapes, differing, however, 
from the preceding in that neither the outer nor the inner margin of the vessel 
seems to be preferred. On the contrary, the swarm-spores' form cloud-like col-^ 
lections, as rounded groups extending from the surface to the bottom of the 
liquid, or as concentric circular clouds coexistent with radiating and rounded 
groups, as in Fig. 359 or even as reticulate figures extended over the whole 
vessel. 

I found now that both kinds of aggregation of swarm-spores may occur in the 
fluid in the most varied manner, and that they appear also when the vessel is covered 
with a glass bell-jar or with an opaque card-board receptacle. Light, as such, 
exerts no influence on the formation of these figures; on the other hand, it is the 
currents formed in the water by the warming and cooling which produce the 
aggregations of swarm-spores referred to. If the vessel in question stands at a 
window, and especially when it is cool or cold outside while the chamber is heated 
by a fire, then a continual streaming of the water goes on in the plate or vessel, 
so that the Gooled water at the margin of the vessel next the window sinks to 
the bottom, flows thence to the opposite margin, and then ascends and streams 
on the surface as warmer water to the margin of the vessel next the window again. 
This continually circulating current of water carries the swimming swarm-spores 
with it, and causes, in combination with their active movement, their collection in the 
manner described, either at the surface at the colder margin next the window, or at 
the bottom of the vessel at the warmer margin turned towards the chamber. That 
it is here actually and simply a matter of a difference in temperature between the 
two margins of the vessel, and not of illumination, follows not only from the above- 
mentioned fact that the phenomenon occurs even under an opaque receptacle, but 


^ Sachs’ ^ liber EtmiUionsJiguren und Gri,ippirufig der Schwdrmsporen t/u Wasser. Flora, 
1876, p. 241. 
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also from the fact that the aggregations of swarm -spores at the margins, just 
mentioned, can be induced by placing the vessel with the one edge on a cold body 
and the opposite one on a warm body: it matters not whether the light here 
cooperates at all or falls in any given direction, or not, the superficial collection 
of swarm-spores at the margin is always formed where the water sinks in the 

vessel at the colder place. In like 
manner the rounded groups mentioned 
above, networks, concentric clouds, <&c. 
(Fig, 359 B), are produced quite in- 
dependently of the light, when the tem- 
perature of the vessel is the same on 
all sides, by the bottom of the vessel 
having a different temperature from its 
surface, and particularly if the latter 
is uncovered and evaporation takes 
place; vertical currents are thus pro- 
duced, ascending and descending in 
the liquid, and the contained swarm^ 
spores collect at the relatively still 
places, I was able to produce all 
these phenomena in exactly the same 
way by employing, instead of water 
containing swarm-spores, a mixture of 
water and alcohol in which coloured 
olive-Gii was distributed in the form 
of very small drops, simply taking- 
care that these fine drops of oil 
were a little lighter or a little heavier 
than the mixture of alcohol and 
water. 

Quite apart from these currents pro- 
duced by differences of temperature in 
the liquid, and by which the swarm- 
spores are passively carried and caused 
to form the above-named cloud-like ag- 

roughly shaken up with a niixture of water and alcohol of nearly grCffatioilS iu tllC VCSSCl tilG SWami- 
equal (somewhat greater) specific gravity, so that a fine emulsioii was & o j 

produced ; and this was poured into a plate. ^ arrangement of SDOrCS thcmSelveS DOSSCSS E PCCUliar 
the oil-drops after a short time when one edge of the plate (the 

upper in the figure) is cooler than the other, when the plate is irritability foi* light, wMch COnslstS iu that 
equally warm on all sides, but the bottom of the liquid wanner than •' o •' 

the upper surface. thcfr swimmiiig moveiiicnts, which 

moreover occur also in the absence of 
light, they pursue a definite course, and this so that they either move away from the 
source of light, or in the contrary direction, and in the line of the rays of light. 
If a large number of similar swarm-spores are contained in" a drop of water under 
the microscope, and if they are suddenly illuminated from. one side, they ail swim 
towards the source of light or away from it. This is the phenomenon which 
has been studied in detail by Stahl and Strasburger, and I may take yet another 
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series of Special facts from the statements of the latter h He investigated chiefly 
the swarm-spores of Hmmaiococcus lacusiris^ Ulothrix zonaia, Chmiomorpha 

Viva, Bvhydium gramdaium, £ryopsts, ?Xid. other Algae, and especially those 
oi Chy iridium, an Alga devoid of chlorophyll. Walz had already discovered in 1868, 
and Cornu had confirmed the discovery, that the final formation and expulsion of the 
swarm-spores and antherozoids from their mother-cells is dependent not only upon a 
proper temperature, but also upon a sufficient quantity of oxygen dissolved in the 
water ; but light also promotes the birth of these small organs, as Thuret had 
already discovered, so that, in fact, by keeping the Alg^ concerned in the dark and 
then suddenly illuminating them, the moment of swarming can be artificially in- 
duced. In the natural course of events, the dependence upon light referred to causes 
the swarm-spores to escape from their receptacles and commence to swarm in the early 
morning, as a rule at definite hours—i.e. when the light has attained a certain intensity. 

Strasburger describes the action of the light as follows : if particularly striking- 
phenomena are desired, it is well to begin the experiments with the swarm-spores of 
JBoirydiu?n granulaium, the Alga figured on page 4 (Fig. 2). A preparation made one 
day before-hand by sowing the spores, when brought from the dark into the light, 
shows that at the moment of observation, all the swarm-spores are equally distributed 
in the drop; nevertheless they instantly become directed with their anterior ends 
towards the source of light, and now^ rush towards it in straight but otherwise fairly 
parallel paths. After a few — usually to 2 — minutes, almost all the swarm-spores 
have arrived at the illuminated side of the drop, and here swarm together in and 
out. If the preparation is turned round so that its illuminated side is now away from 
the source of light, all the swarm-spores which are still in motion instantly leave the 
margin of the drop, now turned away from the source of light, and rush to what is 
now its illuminated margin. 

For the sake of brevity the margin of the liquid which is turned towards 
the source of light may be termed positive, and the opposite one negative. 

' If the swarm-spores of Ulothrix are selected for observation, the phenomenon 
becomes in a certain sense still more striking. These also rush rapidly and in 
almost straight paths to the positive margin of the drop, but it is only seldom that all 
do this ; in most preparations, on the contrary, a larger or smaller portion of them 
are seen to move equally rapidly in the opposite direction, and therefore towards the 
negative margin. It is possible then to see a curious spectacle — the swarm-spores thus 
rushing in opposite directions, and therefore with apparently double velocity, past one 
another. If the preparation is turned round through 1 80°, the swarm-spores collected 
at what was previously the positive side are seen to rush at once to the negative 
side, and those previously collected at the negative side to rush to the positive side. 
Arrived here, the swarm-spores move about in and out, keeping more or less close to 
the margin, according to the preparation. One continually notices also, both at the 
positive and at the negative side, individual swarm-spores suddenly abandon the margin 
and rush directly through the drop to the opposite margin. Such an interchange 
continually goes on between the two margins : nay, it not rarely occurs that single 
swarm-spores just arrived from the opposite margin again return thence. Yet others 

^ Strasburger, ' Wirkung des Lichtes und der Wdrme auf Sckwdrmsporeni Jena, 1878. Stahl 
in ‘ Verhandl. der med.-phys. Ges. Wzbg./ 1879- 
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remain stationary in the middle of their course, and then rush back to 'fe they 
started from, eventually repeating the play to and fro for some time, like a pendulum/ 

The phenomena are usually less striking in the case of HcBinatococcus, In this 
form, as well as in Uloihrix, however, Strasburger noticed that the smallest swarm- 
spores exhibit the most rapid movement, and the colourless ones oi Chyindmm vorax 
behaved exactly like those of Hmmafococcus, whereas other colourless swarm-spores, 
such as those of the Saprolegnise, were not affected by light. 

One of the most important results of Strasburger s and StahFs investigations is 
the discovery that there are swarm-spores which constantly rush towards the source 
of light only, as well as such which move towards or from it, the ciliated end moving 
forwards in the one or the other direction. In this matter the intensity of the light, 
again, plays a very important part ; usually so that w^hen the intensity of the light is 
less the swarm-spores move towards the source of light, when stronger away from it. 
This may be confirmed either by the observer moving his preparation further and 
further from the window, or by remaining there and interpolating translucent shades. 
If the light is strong, and the swarm-spores are collected at the negative margin of 
the drop, a point at w'hich the light is less intense is thus attained, at \vhich they begin 
to swim tow^ards the positive margin. Another property of swarm-spores here comes 
into action, which Strasburger designates their Phototonus — a property wliich even 
with swarm-spores of the same species may vaiy with the time, and which consists in 
that the reactions mentioned come into play only when the light reaches a higher or 
lower intensity. If I understand StrasburgePs statements correctly, how^ever, this 
phototonus is fundamentally nothing other than alower or higher degree of irrita- 
bility, of such a kind that swarmers w^hich are adapted to low degrees of light are 
sensitive to light of low intensity. 

The rapidity of the movement of swarm-spores, as Naegeli had already stated, 
appears not to be influenced by light; but Strasburger asserts that the swarmers move 
in lines the, more direct the more intense the ray of light which directs them is. 

Although the mechanics of the movement in all these cases, just as in the case 
of the heliotropism of unicellular and multicellular plants, remains unknown to us, 
it is nevertheless to be insisted upon that even in the latter, exactly similar degrees 
of sensitiveness to light appear, and especially I have long ago established that 
shoot-axes of the same plant' — e. g. Trop<Bolu7it majus — may be negatively heliotropic 
in intense light, and positively heliotropic in feeble light 

It should not be omitted that, according to Strasburger, the influence of light 
in directing the movements of swarm-spores is the less the larger they are. To ihe 
largest known swarm-spores in particular, he denies all irritability to light whatever, 
as Thuret had already done also. Nevertheless there are exceptions: the small 
yellow swarm- spores of Bry apsis appear not to be sensitive to light, whereas the 
large green ones are very sensitive. 

With respect to the refrangibility, colour, or wave-lengths of the effective rays 
of light, Strasburger here also confirmed the law which I had already established, 
that the mechanical actions of light on plants are due chiefly or exclusively to the 
highly refrangible, blue portion of the spectrum. When he allowed the light acting 
on the swarm-spores to pass through a dark solution of ammoniacal copper oxide, 
which transmits the blue and violet light, the swarm-spores reacted exactly as 
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in ordinaiy white When, on the .contrary, the light |:>assed through a 

concentrated solution of potassium bichromate, which transmits green, yellow, and 
red rays, the swarm-spores did not react at all, and the same was the case 
when the light W'as allowed to act through a ruby glass, which transmits essentially 
only dark-red and green light, or when he allowed the nearly pure yellow light 
of incandescent sodium vapour -(of a sodium flame) to act. 

Finally, as regards the intensity of the light, it is to be remarked in the first 
place that the swarm-spores in the dark move in all directions, in curved and often 
sinuo’us paths, and only come to rest when' they perish, or in any way become 
fixed. The particular intensity of the light which influences the direction of 
their movements at all differs, according to Strasburger, in different species. 
Chiloinonas curvaia on cloudy days did not collect at all at any particular margin, 
but remained distributed throughout the entire drop; when the sky brightened, 
however, they travelled to the light side of the drop. The swarm-spores 
of Emmatococcus, on the contrary, became aggregated at the illuminated 
margin of the drop, when the light 
was scarcely bright enough to read 
printed matter by. 

Amoeboid movement is the name 
given to the locomotion of small free- 
living protoplasmic bodies, which, ac- 
cording to their nature otherwise, might 
also be fitly designated swarm-spores, 
and in fact some of them proceed from 
such as later stages of development, 
as shown in Fig. 360. Here are to be 
mentioned particularly, the so-called 
Myxamoeb;^ — i. e. the early develop- 
mental stages of the Myxomycetes. 

In contrast to the true swarm-spores, 
the relatively rigid bodies of which, 
as it appears, are made to 'move forward passively, by means of the vibrations 
of the cilia, the amoeboid movement consists in the protoplasmic body (which is 
sharply defined, however) adhering to a solid substratum, altering its external form 
and creeping along the substratum, the peripheral portions of protoplasm being 
put forth at some parts of the margin, and withdrawn at others ; and so the mass 
slowly moves from place to place. This form of movement will perhaps be best 
illustrated by comparing figures 9-12 in Fig. 360. As to the mechanics of sucb 
movements there is practically nothing known, although for twenty years repeated 
attempts have been made to explain them k 

i That an explanation of the amoeboid movement of protoplasm and its circulation in the cells 
is not obtained by ascribing * contractility ' to the substance was insisted on by Hofmeister (‘ Floraf 
1865, p. 8), I attempted at the same time in my ^Eandb. der Exp.-physl (1865, p. 454) to replace 
the indefinite idea connected with the word contractility by more definite assumptions, which of course 
did not reach beyond the region ‘of mere hypothesis, though they have so far not been replaced in 
their turn by better. I therefore quote the most important ones. * I imagine that living protoplasm 
consists of molecules of definite form (not round), but not capable of imbibition ; these have a 



Fig. ‘^fso.—Physarttm (after Cienkowski). i, spore ; 2, 

emission of its contents ; 3, the free contents ; 4, s< same as 
swarm-spore with one flagellum ; 6, 7, the same after losing their 
flagella ; 9, 10, n, fusion of amoebae ; 12, a small plasmodium. 
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The movemeiits of Plasmodia are directly connected with these amoeboid 
movements h Plasmodia arise by the fusion of numerous myxamceb^, whereby 
a large, and sometimes even immense protoplasmic mass is formed, as to the nature 
and movements of which I have already stated what is necessary (p. 83, Fig. 8o). 
The creeping amoeboid movement is altered in the case of plasmodia, according to 
their si^e, into a more flowing one, looking in the main very like the flowing of 
a thick tenacious slime. Of course this is only an external appearance, since, while 
in the case last mentioned the slimy mass passively obeys external forces, particularly 
gravitation, we are in the case of plasmodia concerned with vital movements, and 
the mutual displacements of their smallest particles which are effected by internal 
forces. Inside a coherent matrix, sharply defined externally, but with its outlines 
continually changing, there are formed more fluid portions containing numerous 
granules, which are in active streaming movements, the direction and intensity 
of which vary (see Fig. So A, p. 83), though no external stimuli produce these 
changes in any way. I demonstrated the initability of the plasmodia to the in- 
fluence of light fifteen years ago. If large heaps of tan, in which numerous small 
yellow plasmodia of the so-called ^flowers of tan' {JEihalmupi septicuni) are 
contained, are placed on a plate and kept in the dark, all the plasmodia creep 
forth in a few hours on to the surface of the tan, and there fuse into large yellow 
masses. If the preparation is placed at the right time in a light chamber, the 


powerful attraction for water, and hence surround themselves with relatively thick watery envelopes, 
so that the mutual attraction of neighbouring molecules, which diminishes with the distance 
more slowly than their attraction for water, can effect only a feeble holding together of them (a slight 
cohesion). Under the influence of these two forces an unstable equilibrium of all the molecules of a 
mass of protoplasm will be set up, and these Will at the same time be displaceable by slight external 
shocks, and the whole exhibit many of the properties of a fluid ; it is also to be seen why different and 
feeble influences so easily deprive the protoplasm of a part of its water and strengthen its cohe- 
sion. It may then be further supposed that the molecules, in virtue of their mutual attraction, 
strive to lay themselves next one another in such a way that they turn their smallest diameters 
towards one another, because this position, ensures the closest approximation of their centres of 
gravity. In this attempt, however, they will be in part prevented by the aqueous envelopes, and, on 
the other hand, it may be assumed that the molecules are endowed with directive forces, so that, for 
example, they seek in virtue of these latter to turn their longest diameters towards one another. 
One may here indeed suppose an electric polarity to exist in the molecules. Evidently, through the 
play of three attractions which are independent of one another in value, it would be possible for a 
position of equilibrium to be set up in which relatively considerable quantities of energy are present 
in the form of tension ; the most insignificant shock might here disturb the equilibrium, and a dis- 
turbance occurring at one point must at once be propagated to the neighbouring molecules, and 
the movement must gradually affect places further and further distant from the starting-point. If 
the question is now raised as to the shocks which are able to set free the forces in tension in 
this molecular system (when it is itself left in equilibrium) very different ones may be .supposed. 
Within the living protopla.sm chemical processes are continually going on : these may at individual 
places alter the molecules chemically, or increase or diminish their attraction for water, their mass, 
or their polarity. Independently of the chemistiy, moreover, small thermal, electric variations, 
imperceptible vibrations, &c., will affect sometimes one, sometimes another part of the protoplasm 
and disturb its unstable equilibrium.* 

^ The path to our knowledge of plasmodia, so exceedingly important for the theory of proto- 
plasm, was first opened by De Bary, in his celebrated treatise, ^ Vbcr die Mycctozoen^^ in the 
‘Zeitschr. f. wissench. Zoologie’ (1S57, B. 10), and a second edition, reprinted separately (1864). 
Cf. further, Cienkowski in *Jahrb. f. wiss. Bot.VB. Ill, pp. 525 and 500. Also Strasburger, 
^Studien ilkr Pntoplasma,' Jena (1876) ; Sachs, ^LehrbmhP IV Aufl., p. 265, 
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plasmodia again disappear from the surface, creeping into the interior of the tan, 
to come forth once more on the renewal of darkness : this may be repeated 
several times during the course of the day. According to the statements of 
Baranetzky \ it appears also that plasmodia which have crept up glass plates, and 
there become extended in the form of elegant networks, withdraw themselves from 
those places wdiich are intentionally illuminated, and become collected at the 
shaded ones. This irritability to light, however, only exists during a certain 
condition of life of the plasmodia; when their internal development is so far 
completed that they are proceeding to the formation of sporangia, &c., they make 
their appearance on the surface of the tan even when the light is strong. I have 
also already noticed the remarkable creeping of the plasmodia up the stems of 
plants, up flower-pots, and other objects, sometimes very high. They may 
be impelled to do this very easily, by placing moistened glass plates vertically 
in the tan, wdiich contains young plasmodia just about to creep on to the sur- 
face ; in the course of a few hours the reticulated masses ascend the glass plates up 
to the highest points, and they may now be removed and placed directly under 
the microscope, in order to observe their internal movements more in detail. There 
is probably little doubt that this impulse to creep upwards is to be regarded as 
a geotropic stimulation— i. e. that a still unknown action of gravitation on the 
molecular structure of the protoplasm so affects the displacements of the molecules 
that the result mentioned follows. It is, however, scarcely necessary to say that 
the individual mechanical processes in the matter are entirely unknown. 

In all essential points the so-called Circulation of the protoplasm^ in the interior 
of living cells agrees with the movement of plasmodia; only in this case the 
extent of the space within which the motions of the protoplasmic body can occur 
is once for all determined by the resistant cell-wall. It has already been described 
and illustrated by figures on pp. 80-82 how this comes about, when the cells 
at first entirely filled with protoplasm grow by absorbing water, whereby in the 
first place small water cavities or vacuoles appear in the interior, and how the 
water or cell-sap then increases more and more, so that in the subsequently much 
enlarged cell the protoplasm constitutes a more or less thick sac, everywhere 
closely applied to the inside of the cell-wall and enveloping the cell-sap, traversing 
which are strand-like or plate-like filaments of protoplasm, and how all is in move- 
ment. The accompanying figure, reproduced from my Handbook, will contribute 
still more to give the reader an idea of the protoplasm thus in circulation. The . 
latter is represented in the figure as a finely punctated mass in which lie larger 
bodies also, especially chlorophyll granules which contain starch ; in one place 
also is to be seen a small crystal of calcium oxalate. It is practically the move- 
ments of these small granules or microsomes and the larger bodies which betray 
the streaming movement of all parts of the protoplasm; only an outermost layer, 


1 Baranetzky, ^Influence de la bwiiere sur Ifis Plasmodia des My xo??iy Petes y Mem. de la soc, 
nat. des scienc. nat. de Cherbourg (T. XIX. 1876). 

2 Br. Klebs has carefully collected the literature on circulation and rotation as well as on all 
the movements of the protoplasm here referred to in the ^ Biologisch. Centralblatly ed. by Rosenthal, 
1881 (Nos. 16, 17, and 19). 
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closely applied to the cell- wall, remains as it appears relatively at rest. Having 

already {loc. characterised in the 
main the form of movement, and 
since a detailed description would 
not give the reader any notion of the 
motile forces, I may here confine my- 
self to mentioning briefly the few facts 
which we know concerning the irrita- 
bility of the circulating protoplasm, and 
fundamentally this will apply also to 
the rarer form of movement, the Ro- 
tation of the protoplasm, which is also 
mentioned in the same place. Whether 
and how far gravitation may in any 
way influence the movements is not 
known. That rotation and circula- 
tion take place even in profound and 
continued darkness, and likewise in 
coloured light, and that by illumina- 
tion under the microscope at least no 
striking change is undergone, is well 
known although this does not ex- 
clude the possibility that more exact 
studies in this direction may demon- 
strate an irritability to variations in 
the light. Considering the great sen- 
sitiveness of swarm-spores and plas- 
modia for light, it is hardly credible 
that the protoplasm within the cells 
should be indifferent towards it; more- 
over all heliotropic organs, which are 
thus sensitive to light, of course con- 
tain protoplasm in their ceils, and 
we have every reason to believe that 
the light-stimulus in heliotropic organs 
affects principally their protppiasm, 
and that the corresponding alterations 
in the cell-walls are initiated by this. 
It is .-thus ; obvious ^ (and,, the,:, ."reason-',,,; 
ing applies , to ■ geotropic,' organs, 'also) 
that ., all-' protoplasm . enclosed;'. .in,; ce,IIs,/.',' 
is irritable to gravitation and light, 
only of course in a manner not 


Fig, 361. “Optical longitudinal section of the middle cell of 
hair of the Gourd (from the calyx of a young flower*Uud). Cell- 
wall simply in outline~the fine granules in the protoplasm 
drawn too coarse. The central vacuolated clump encloses the 
nucleus of the cell. The streaming filaments, everywhere in 
active movement, carry chlorophyll -corpuscles (containing 
.starch) in their substance : at one place (to the left) a crystal 
is also carried along. 


* In the Bot. Zeitg. 1863 (Supplement, p. 3) I stated that the protoplasm circulates even in the 
cells of etiolated organs, e. g. hairs of Cucurbitai in fact, I prefer to employ wholly or partially 
etiolated plants for the demonstration of protoplasmic movements, on account of several advantage* 
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directly perceptible by means of the microscope : moreover it need not be simply 
in an alteration in the circulation and rotation that the irritability of the proto- 
plasm to gravitation and light has to express itself; and in the subsequent con- 
sideration of the movements of the chlorophyll-corpuscles we shall see that these 
are probably to be referred to the stimulation of colourless protoplasm by light. 

Heat acts very energetically as a stimulus, and this so that the streaming 
movement is accelerated as the temperature increases up to an optimum. Tem- 
peratures beyond this optimum, again, retard the movement, and finally (at about 
45 "" C.) the filamentous network of circulating protoplasm contracts into a clump; 
however, if this action has not continued too long, the normal configuration 
of the protoplasm may be restored after a short time at a lower and more 
favourable temperature h Strong electric shocks act similarly, and it is here to 
be especially insisted upon that pressure on the cell-wall occasionally induces 
similar effects, and in some cases at least a complete arrest of the movement : 
subsequently it returns. Hence it happens that in recently made preparations of 
hairs or internal cells abounding in protoplasm, the circulation and rotation are not 
observable at all during the first few minutes, or it may be for some time, whereas the 
same preparations often exhibit vigorous movement a few hours later. According to 
Dehnecke’s recent observations, moreover, lying in water for some time, and there- 
fore probably a certain diseased state of the protoplasm, acts so as to accelerate 
the movements, so that they are often much more vigorous a long time after the 
preparation was made than in the normal condition^. It should be mentioned 
here that the rotating and circulating protoplasm continues its movements even 
w^hen the water of the cell-sap is affected exosmotically by the action of sugar- 
solution, the protoplasm separating from the cell- wall on all sides and contracting ; 
in fact in the case of the root-hairs of Hydrocharis it is sometimes even possible 
to break in pieces the contracted protoplasm within the cell-wall, and each of the 
pieces forms a thick-walled vesicle of protoplasm, the substance of which continues 
to rotate actively for some time longer. 

So long ago as i86i I had called attention to the remarkable fact that the 
leaves of the most various plants appear bright green in very intense sun-light, 
and dark green in the shade, and that it is possible accordingly to obtain a sort 
of light-picture by laying a strip of black paper on a leaf on which the sun is 
shining : on removing the paper the shaded part appears dark green, the parts 
exposed to the light bright green. I did not at that time succeed in obtaining 
the right explanation of this fact, but now, from later researches by Famintzin, 
Frank, Borodin, and especially by Stahl, it has been discovered : they showed that 
the chlorophyll-corpuscles under the influence of the light assume different positions 
within the cells, and this necessarily gives to the whole leaf the appearance described 
above. Since these phenomena pave the way to still more general points of view 
and accurate ideas as to heliotropism proper, it is worth while to enter into 


^ Details on these matters are found in my treatise, ‘ UbeT die obere T wi^erahir-grenze def* 
Vegetatmi,^ Flora, 1S64 (p. 37). Velten, ^Einwirkung der Temperatur auf Protoplasma-be-mgnitg^ 
Flora, 1876 (Nos. 12-14). 

^ Dehnecke, in ‘ Flora/ 1881 (Nos. i and 2). 
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them more in detail, and in doing so I shall make use of StahFs very thorough workh 
He studied particulaiiy the filamentous Alga Mesocarpus, in which the phenomena 
in question are particularly clearly shown. 'The elongated cylindrical cells of this 
Alga are connected into long hlamentSs and contain an axial band of chlorophyll 
running the whole length of the cell, and the margins of which now and then 
extend all round to the protoplasm lining the cell-wall ; in this case the whole 
cell is divided by it into two approximately equal halves. The band of chlorophyll 
is usually extended in one plane: on observing it from the surface the whole cell 
thus appears uniformly green ; if the Alga is turned round through 90° so that 
the band of chlorophyll is seen no longer from the surface, but in profile, the 
otherwise transparent cell is traversed along its whole length by a dark-green 
thin longitudinal strip.’ If various filaments of this Alga are placed beneath the 
microscope the observer sees these plates of chlorophyll from the surface, or in 
profile, or in positions midway between these. ' Left to itself and undisturbed, 
such a preparation presents after some time a different aspect — for it is found 
that in the straight filaments all the bands are arranged in one plane. The 
orientation of the plates is the same in all those which lie parallel to one another, 
but differs in those which cross one another.’ For the sake of simplicity we may 
here take into account only those filaments which lie horizontally, and receive 
the daylight (from a window) at right angles to their long axes. In this case it 
is easy to demonstrate that the plates of chlorophyll all turn their broad surfaces 
to the light, so that they receive its rays perpendicularly. If the direction of the 
incident rays is altered, the plates of chlorophyll slowly turn, so that they always 
present their surfaces at right angles to the rays of light ; in warm weather actively 
vegetating plants complete these movements in a few minutes. Direct sunlight, 
on the contrary, effects after a short time an entirely different disposition of the 
plates of chlorophyll : they turn one edge towards the sun, or in other words 
place their fiat surfaces parallel to the incident rays. ' Light thus 'exerts a directive 
influence on the chlorophyll apparatus of Mesocarpiis. In feebler light it is disposed 
perpendicularlj'^ to the path of the light (this is termed by Stahl the plane position), 
in more intense light its plane coincides with the direction of the rays (he terms 
this the profile position).’ 

vesicles of Vauche^ia (p. 108) there are rounded chlorophyll-corpuscles 
embedded in the protoplasmic lining to the wall. According to the intensity oi' 
the light these also are arranged in a manner which is understood most simply by 
regarding the chlorophyll-corpuscles themselves as parts of the plate of chlorophyll 
described in jJfesocarpus. If the intense light persists for some time, the cliiorophyll- 
corpuscles become collected into distinct heaps— a process which De Bary saw 
occurring with great energy in the vesicles of Aceiaduiaria (a marine Alga), and de- 
scribed as follows : — ' If actively growing vesicles a few mm. long receive tlie rays of 
the sun directly, the protoplasm which carries the chlorophyll instantly rounds off 
and contracts into irregular clumps. The individual grains are seen to leave their 
place rapidly, and as it were tumble up against one another, becoming collected 


* Stahl, ^ liber den Einjlitss mn und Starke der Bclmchtung^' in Bot. Zcit., iS8o 

(P 297), where the literature of this subject is also given in detail. 
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into balls at ceitain points ; these aggregates thicken as new corpuscles are con- 
tinually being added, and obstruct the vesicle as they swell up into clumps 
filling up the whole diameter, all the chlorophyll disappearing from the inter- 
vening portions. After a few minutes, therefore, the previously uniformly 
green tube appears to the unaided eye, or under a lens, divided into unequally 
large and irregularly arranged dark green zones alternating with colourless trans- 
verse ones.' 

We may now turn to the behaviour of the chlorophyll-corpuscles in ordinary 
cells united into tissues, and first consider an example where these cells form a 
single layer only, as in the case of 
the leaves of the Moss. In ordi- 
nary diffuse daylight the chloro- 
phyll-corpuscles in the leaves of 
the Moss, as well as in the similarly 
constructed prothallia of Ferns, 
lie only on the outer surfaces of 
the cells, the walls which separate 
any two cells from one another, and 
which are situated at right angles 
to these not being furnished with 
chlorophyll- corpuscles. In Funa- 
ria (p. 85, Fig. 82), according to 
Borodin, even a short exposure to 
darkness suffices to alter this dis- 
position ; the chlorophyll-corpus- 
cles abandon the free outer walls 
of the cells, and travel over on 
to the side walls, so that after a 
time the upper and lower sur- 
faces of such a leaf, and of any 
one of its cells, are completely 
deprived of chlorophyll. If the 
leaves are exposed to the light 
the previous arrangement very 
soon re-appears. In the simi- 
larly one layered parenchyma of 
Leinna irisulca (one of the Duckweeds) the free superficial walls of the cells are 
likewise found to be furnished with chlorophyll-corpuscles in ordinary daylight; 
but if such a plant is exposed to the action of direct sunlight there takes place, 
as Borodin, found, a rapid alteration in the distribution of the chlorophyll-corpuscles. 
After 10-15 minutes they cover the side walls evenly, as shown in Fig. 362 
seen in plan the chlorophyll-corpuscles form in this condition a regular network, the 
meshes of which correspond to the individual cells. After exposure to continuous 
sunshine for some time this is no longer the case ; the corpuscles now form irregular 
groups, which occupy the angles where several cells are contiguous. Continuance 
of the illumination results in no further change ; but if the plant is removed 



Fig. 362.--Trans verse section of the leaf of Lemna trisulm (after Stalil). 
A plane position (in daylight), B arrangement of the chlorophyll-corpuscles 
in intense light, C position in the dark. 
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from the sunlight and exposed merely to diffused daylight, the chlorophyll- 
corpuscies abandon the above position and spread themselves on the outer walls of 
the cells. The changes in position described can be called forth at will, and 
often by alternately intense and feeble illumination. 

Of StahFs numerous observations on the chlorophyll-tissue in the leaves of 
Phanerogams we may here refer further to his statements with respect to Oxalzs 
(Wood-sorrel). ‘The cells of the uppermost layer next the epidermis 
are developed into more or less obtuse cones, the bases of which are situated 
on the epidermis. The two lower layers of the mesophyll consist of fiat 
stellate cells as in Fig. 363. Healthy leaves of this plant were laid flat on 
a plate and exposed to the rays of the sun falling perpendicularly on them. By 
pouring fresh water over them the leaves were prevented from becoming too 
warm. Individual leaflets wTre protected from the direct rays of the sun by 
means of paper shades. After an hour the marked leaflets were placed in 
alcohol, in order to fix the cell-contents in their position. The decolorised leaflets 
were so transparent that mere observation wdth transmitted light was sufficient to 
demonstrate the different distribution of the chlorophyll-corpuscles in the shaded 




Fig, 363. —Cells of the lowermost layer of spongy parenchyma from the leaf of Oxalis acetocella, seen in a 
direction at right angles to the surface of the leaf, a plane position of the chloropiiyll-corpuscles in diffuse 
ligiit ; b profile position after a short e.xposure to the sun ; c after longer insolation (after Stahl). 

leaflets and those exposed to the sun. Fig. 363 a shows the surface view of a 
stellate cell in a shaded leaf; the chlorophyll-corpuscles are distributed approximately 
uniformly on the walls parallel to the surface of the leaf. In Fig. 363^ 
the grains have passed over on to the walls which are perpendicular to the 
surface of the leaf ; this distribution is found after insolation which has not 
been continued too long. If the leaves have had the sun shining on them for 
a longer time — an hour or more — the arrangement of the chlorophyll represented 
at c is met with ; the corpuscles are collected into clumps, lying on the walls common 
to two neighbouring cells. 

I may here interpolate, with reference to what has been said above as to 
the alteration in colour of the leaves in intense and in feebler light, that it is 
now easily intelligible from the examples given, how the different positions of the 
chlorophyll- corpuscles must effect alterations in the intensity to the unaided eye of 
the green colour of the leaves ; it is obvious that a leaf, the chlorophyll-corpuscles 
of which all lie on the side walls of the ceils, must appear to the eye of a brighter 
green than one where they lie on those walls which are parallel to the surface 
of the leaf. 

With respect to the mechanics of these phenomena, I have already expressed 



CAUSES OF THE MOVEMENTS OF THE CHLOROPHYLL-CORPUSCLES. 6%1 

the opiniorij based on Frank's observations, that the chlorophyll-eorpuscles are passive 
in the matter, and that the movements referred to belong to the protoplasm itself 
in which they are embedded, Frank and Stahl agree with this view: if it is right, 
however, as is hardly to be doubted, then all the statements so far made as 
to the chlorophyll-corpuscles apply properly to the protoplasm itself, thus confirming 
and more exactly characterising its sensitiveness to light. 

Again, the change in form of chlorophyll-corpuscles in varying illumination, 
already demonstrated by Micheli in a piece of work done with me in 1866, was 
confirmed and more exactly described by Stahl In the Moss Funaria he found 
that in diffuse daylight the chlorophyll-corpuscles are disposed on the outer surfaces 
of the cells nearly touching one another, and separated only by narrow strips of 
colourless protoplasm. The grains are in this condition flat and polygonal On 
exposure to direct sunlight they withdraw their projecting angles and become 
rounded and smaller in circumference, and thus further apart. Similar phenomena 
were also observed by Stahl in the so-called palisade parenchyma of the leaves of 
Phanerogams, and it is only necessary to add here that in sunshine, as in shade, 
the chlorophyll-corpuscles of these cells have the so-called profile position— -i. e. are 
situated on the walls parallel to the rays of light ; in the shade the chlorophyll- 
corpuscles are in this case approximately hemispherical, in the sun more flattened 
and discoid. Stahl demonstrated similar changes also in the assimilatory paren- 
chyma of those Liverworts which have flat extended shoots, and was able to detect 
the phenomenon generally wherever he sought for it. At the same time it should 
be remarked that in some leaves, clump-like aggregations of the chlorophyll-corpuscles 
are formed in the palisade cells by continued insolation. 

From all his numerous observations Stahl concludes then as follows : ‘ In 
feeble illumination the largest surface of the chlorophyll-corpuscle is turned towards 
the source of light; the light is absorbed as much as possible. An opposite 
behaviour is noticed in very strong illumination : a smaller surface is presented 
to the light. One and the same end is attained in utterly different ways; the 
chlorophyll-bodies sometimes protect themselves from too intense illumination 
by turning round and sometimes by travelling, or by alterations in 

shape. These phenomena in the chlorophyll-apparatus proceed, again, hand in 
hand with the position assumed by entire leaves in very strong or feeble illumin- 
ation; this also was investigated in detail by Stahl As we shall see, later on, 
many leaves have the powder of placing themselves in feeble light by means 
of peculiar mechanisms, in such a position that the rays of light fall upon their 
surfaces perpendicularly, whereas intense light induces them to assume the profile 
position— i. e. to turn one edge to the sun, and thus place their surfaces parallel 
with the sun’s rays, thereby avoiding a too strong influence of the latter. Arrange- 
ments of the most various kind combined with corresponding irritabilities for light 
thus exist in plants in order to bring, not only the assimilatory apparatus, such as a 
whole multicellular organ, but also its individual chlorophyll-bodies into particular 
positions, which we must in any case ^regard as favourable for the employment 
of the light. . 

With reference to the heliotropic ^phenomena to be described later, and parti- 
cularly with reference to my theory of heliotropism, I must notice two other important 
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facts already contained in what has preceded. In the first place that in all the 
phenomena here described it can only be a matter of the direction of the rays 
of light. No one will assume that a swarm-spore swimming towards the light 
does this because its anterior end is more strongly illuminated than its posterior. 
Still less will it be supposed in the case of the chlorophyll-plate oi Mesocarpus^ 
when assuming its position in plan or in profile, or in the corresponding move- 
ments of chlorophyll-corpuscles, that the movements of the protoplasm referred to 
can in any w^ay be produced by the one side being more strongly illuminated 
than the other ; on the contrary, it can only be a matter of the direction in which 
the ray of light falls upon the irritable protoplasm. 

In the second place I would lay stress on the fact that both in the case 
of swarm-spores and in that of the movements of protoplasm containing chloro- 
phyll, entirely different, or even opposite effects occur, according as the incident 
light is feeble or very intense. This phenomenon also we shall again meet 
with later in the heliotropism of shoot-axes and leaves. We shall see that 
many such organs become curved concave on the illuminated side in a feeble 
light, and in a strong light convex. - 

I shall return again to these facts when treating of heliotropism. 
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THE PERIODIC MOVEMENTS OF LEAVES AND FLORAL 
ENVELOPES (SLEEP-MOVEMENTS). 

On glancing at the general aspect of the plants in a garden or a meadow 
shortly after sun-down in the summer, it is obvious that the leaves of many of the 
plants have assumed attitudes and positions different from those assumed in the 
daytime. This is very striking, for example, in the case of plants like the Clovers, 
and in all trees and shrubs {Rohinia, Colutea, &c.) with similarly organised compound 
leaves, especially where three or more leaflets are attached to a common leaf-stalk. 
It is then found that the leaf-stalks are more erect or more pendent at night than 
during the day, and the leaflets which they bear are drawn closely together, whereas 
during the day they are usually extended horizontally. Similarly also with other 
compound leaves, particularly those of the Clovers, &c., and, generally, all those (of 
Cryptogams as well as Phanerogams) in which the laminae of the leaves are con- 
nected with the shoot-axis or leaf-stalk by means of a special cylindrical peculiarly 
organised portion. It scarcely needs mention that such plants cultivated in pots 
and standing at the window or in a green-house, also exhibit the same phenomena. 

In these cases, then, in all Leguminosse and Oxalideae, and many less well- 
known plants, it is. always by means of peculiar organs at the base of the petiole, 
or at the place where each lamina is connected with the stalk, that the changes 
in position of the leaves are effected. Besides these organs, which put in motion the 
parts situated on them by means of their up and down curvatures, all other 
parts of the leaves, the laminae as well as the proper petioles, are non-motile — 
i. e. they are only passively directed upwards and dowmwards by the motile organs 
mentioned. 

As a rule the change consists in the leaves which are extended flat during the day, 
and which present their chlorophyll- surfaces perpendicularly to the incident light where 
possible, becoming folded together at night With the commencing light of morning 
the motile organs become curved, so that the laminae of the leaves situated on them 
again assume the above-named extended diurnal position, while in the evening an 
opposite curvature of these organs produces the noctuimal position. This phe- 
nomenon has been termed the waking and, sleeping of leaves k 


^ The older literature as to the periodic movements of leaves and flowers may be here passed 
over, inasmuch as it is treated in detail and criticised fully in Pfeffer’s works. I shall therefore 



624 


lecture xxxvl 


But the foliage-leaves of very many other plants also, in which no special 
motile organs are observable, make daily movements resulting in the production of 
diurnal and nocturnal positions: the growing petioles undergo curvatures by which 



Fig. 364. — Desniodhtmsyrans^ A shoot duiring the day; J? shoot with leaves asleep. 

From reduced photographs (Darwin). 

the laminae situated on them are presented to the light during the day, and at night 
are directed upwards or downwards. 

mention only a few more recent works which will at once place the beginner on the right path in 
this province. 

Sachs, * das Betvegungs organ mid die per iodise he Bewegungen der Blatter von Fkaseaius 

und Oxaiis,' Bot. Zeit. 1857 (p. 793)- 

Sachs, ‘Die voriibergehenden Starresustdnde periodisch beweglicher und reizbarer FJianzen^ 
organOf' Flora, 1863 (Nos. 29, &c.). 

Paul Bert, ‘Memoir, d. /. soe, d. scienc. phys. et 7 iatu 7 ‘eU. d. Bordeaux* (1866). 

Millardet, ^ Nouv, recherckes sur la periodicite d. L tension^ 1869 (Mem. de la soc. natur, de 
Strasbourg). 

Batalin, ' Uber die Ursachen der periodischen Bewegungen der Blumeu und Laubbllitter* Flora, 

iSfS (P- 433 )- 

Pfeffer, ‘ Fhysiologische Untcrsuchungen* Leipzig (1S73 and 1875). 

Sachs, ‘ IV Aufl., 1874 (pp. S44-869). 

I cannot agree with the nomenclature introduced into this subject by Pfeffer, His * Receptions* 
bezuegungen ’ are simply ' Feiz-bezvegungen* the peculiarity of which, that they take place only while 
the organ is in a condition of phototonus, I characterised in 1865 by the expression " paratonie stiniu* 
lation, an expression moreover which Pfeffer accepts, though it makes the term 'Feceptions-bezuegung* 
which in fact can only hold for this case, superfluous. Again, I can by no means agree with Pfeifer’s 
designation of the periodic movements of non-articulated foliage-leaves as movements of nutation, 
although he himself as well as Batalin demonstrated their dependence on variations of light ; 
for the term * nutations,’ previously introduced by me, applies simply to inequalities of growth on 
different sides of an organ, which are not induced by external influences. It would be much to 
be deplored if in this difficult province, where Nature herself presents plenty of confusion, still 
further difficulties should be produced by an indefinite nomenclature. 
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Similarly with many flowers, the corollas of which open in the morning, rarely 
in the evening, while they close again in the evening or morning respectively, definite 
hours not being followed as a rule. 

These are the phenomena with which we shall now be concerned more in 
detail. One of their characteristics is that they vary with the alternations of day and 
night, and thus constitute daily periods. Now since in the morning, when the leaves 
and flowers open, the temperature and dryness of the air usually increase, and in 
the evening when they close the temperature falls, and the moisture of the air there- 
fore increases, it might be supposed at first that these points must be of special 
importance for the movements of sleeping and waking of leaves and flowers. As 
a matter of fact, the opening and closing of many flowers, as the Tulip and Crocus, 
are directly dependent on changes of temperature; and it cannot be denied that 
in other cases also changes in temperature and moisture affect the phenomena to a 
more or less subordinate extent. Nevertheless, so much is certain, that the daily 
periodic movements are called forth chiefly and almost exclusively by alterations 
in the brightness of the light, particularly in the morning and in the evening: the 
nocturnal position of the leaves and flowers is due to the darkness which supervenes as 
the sun goes down, and the diurnal position is equally a consequence of the morning 
brightness. That temperature and moisture are entirely subordinate and unim- 
portant in the matter is conclusively shown by means of a very simple experiment. 
A small plant of the common Garden Bean {Phaseohis) or of the Wood Sorrel 
{Oxalts), rooted in a flow^er-pot, and with the leaves extended in the diurnal position 
in the forenoon, may be completely submerged in a large glass vessel filled with 
w^ater. If the illumination remains approximately as before, the leaves maintain 
their diurnal position, although the water in which they are submerged is many 
degrees colder than the air which previously surrounded them, whence it follows 
that neither change of temperature nor of moisture produces an observable alteration 
in the diurnal position. If, how^ever, such experimental plants, when they have 
assumed their diurnal position— -it matters not whether they are in the open air or 
under w^ater — should be suddenly darkened, e.g. by covering them with an opaque 
box, or with a cylinder of wood or card-board, the leaves assume the nocturnal 
position after a short time, say half an hour to an hour; and on again letting in the 
light during the day, the leaves would again take up their ordinary diurnal position. 
By means of such simple experiments therefore we can convince ourselves con- 
clusively of the fact that the matter is one of stimulations due to variations in the 
light— illuminating and darkening. 

With the estajDlishment of this fact, however, we have for the first time obtained 
a foundation on which a deeper insight into these phenomena may be based by 
means of further research. Dwelling for the moment on the most general relations, 
it is above all to be insisted upon that, with respect to organisation, it is always 
organs with dorsi-ventral structure which are here concerned, as is deaf from the 
fact that we have to do in all these cases with true leaves, or at least with metamor- 
phosed foliar organs, which always possess dorsi-ventral structure— i. e. the parts 
capable of curving and of receiving the light-stimulus are organised on the lower 
side more or less differently • than on the upper side. Since then all these 
organs, simply because they are leaves, are situated on a shoot-axis, and since the 
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upper and lower sides of the leaves always stand in definite relation to this, it 
results that the upward and downward curvatures of the motile parts take place 
in a plane which may at the same time be regarded as a longitudinal plane of the 
shoot- axis—i. e, the motile foliar .‘organs approach the part of the shoot-axis 
situated either above or below their origin, or, regarding the apex of the shoot as 
the centre, we may say the movements take place in a centripetal or centrifugal 
direction. This is particularly well shown in the case of flowers, which are in 
fact metamorphosed shoots with very short axes: while in the case of ordinary 
foliage-leaves we distinguish an up and down movement, we have in flowers to 
do with an in and out movement. This rule, however, only applies to entire leaves ; 
in compound leaves the individual leaflets move upwards and downwards with 
reference to the common rachis, or they make at the same time twists directed 
forwards or backwards. 

Although broad, thin, flat parts of leaves are not entirely exempt from sleep- 
movements, it is nevertheless found that in the more exquisite cases, where the alter- 
nation of diurnal and nocturnal positions is very marked, and the light-stimulus thus 
acts with great energy, the organs or parts in question assume a more or less 
cylindrical shape, as is particularly conspicuous in the motile organs of the Legu- 
mimosse and Oxalideae, and true compound leaves generally. As a rule, a motile organ 
of this kind is a more or less elongated cylinder consisting of succulent parenchyma, 
in the axis of which runs a non-lignified and very flexible strand of vascular bundles. 
Since the movements of these organs consist in up and down curvatures, it is obvious 
that sometimes the upper, sometimes the low^er side of the succulent envelope of tissue 
must be lengthened, though the axial strand need not undergo either elongation or short- 
ening, because it lies in what may be called the neutral axis of the motile organ. It 
is suflicient if this strand is flexible and not rigid; its length need not alter daring the 
movement Where the up and down curvatures of foliage-leaves are effected by 
means, of ordinary petioles, or parts of the laminse, of course vascular bundles traverse 
these parts as usual ; but they also abound in succulent parenchyma, and the movement 
continues only so long as no lignification has as yet occurred in the vascular bundles. 
These points are especially to be borne in mind with respect to the mechanics 
of such movements, to, be described more in detail subsequently. However, before 
we go into the mechanics, of the movements, it is necessary for us to become some- 
what better acquainted with the movements of the leaves themselves. 

Our present theme is the so-called sleep-movements, caused by the daily varia- 
tion of the light at sunrise and sunset. Now we shall at once see that even these 
movements for and by themselves are combined of two kinds of actions, namely of a 
direct stimulation, and of after-effects induced by the stimulus itself. It was, however, 
by no means easy to establish this apparently simple fact, since other movements are 
combined in the most various ways with the proper daily periodicity, though they 
have absolutely nothing to do with it. This is very evident when such a plant as a 
Mimosa, Bean, Oxalis, <fec. is suddenly excluded from the light : there then occurs at 
once, in -fact, a sleep-movement ; in from half an hour to an hour the leaves assume 
the nocturnal position. On again looking at it the next morning, however, the leaves, 
Although they have not received any light at all, are found to be in their diurnal 
position, with their laminse extended: next evening they fold up in the nocturnal 
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position again. This suggests the question whether there is any light-stimulus at all 
in the matter. We have here, however, to do simply with an after-effect of the 
previous light-stimulus, which after a few days ceases in constant darkness just as it 
does also in constant light 

If, on the other hand, the Field Clover {Trifolium pratense) used in the above 
experiment, or T, incarnaium^ Oxalis acetosella and some other plants, they would 
be found to be in continual m’ovement, so that at any time after the course of 
a few hours an apparent nocturnal position alternating with an apparent diurnal 
position occurs. In this case, however, we have to do with a movement independent 
of the variation of light, and therefore not to be regarded as an after-effect of it. From 
internal changes, as yet not understood, the leaves make up and down movements in 
.periods of time of a few hours. Since these leaves also are sensitive to light, 
however, and have true sleep-movements, this independent so-called spontaneous 
or autonomous periodicity is hardly noticed under ordinary circumstances, simply 
because the iniuence of the light is stronger than the spontaneous movement. 
Nevertheless the converse occurs also; this in a very striking degree, for ex- 
ample, in the case of another clover-like plant 
{Hedpsarunt gyrans\ the leaf of which is here 
figured. The two small lateral leaflets of this 
make in the course of a few minutes periodic 
oscillations, it matters not whether they are in 
light or darkness, if only the temperature is 
rather high — at least 22° C, 

These spontaneous movements, not called- . 
forth by external changes, must therefore . be 
sharply distinguished in the first place from the 
sleep-movements, with which they are more or 
less combined, since the point to be established 
is that the daily periodicity of sleep-movements 
is due to variations in the light;- and is thus causally essentially different from the 
spontaneous movements. 

But we have to do with yet other complications, not less calculated to lead 
to error in the study of daily periodicities and their causes. The leaves in question, 
or rather their motile organs, are also heliotropic, i.e. dependent on light in quite 
another way: in the case of that stimulation of light which produces waking and 
sleeping, the stimulus lies in the variations of the intensity of the light — it is not 
the light as a constant force which effects these movements, but the varying 
intensity; the increasing intensity in the morning induces the waking and exten- 
sion of the leaves, the decrease the light in the evening the nocturnal position 
or closing. In the heliotropic curving of the motile organs, on the contrary, it is the 
constant influence of the light which effects the curving, just as in the case of 
heliotropic stems and roots. If one of, the above-named plants stands for some time 
undisturbed at a window, all the laminae become turned towards the light ; if the plant 
is turned round, the motile organs make other curvatures until the laminae again 
turn their upper sides to the light. The movements of waking and sleeping go on 
undisturbed in such helio tropically curved organs. A further great difference between 
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these heliotropic curvatures and those which bring about the sleep-movements, lies 
in the fact that the organs can make heliotropic curvatures in all directions, e.g. 
left and right, so that the one flank of the motile organ becomes convex and the 
other concave, according to which side the light falls on. The movement of waking 
and sleeping, on the contrary, only takes place as already mentioned in one plane, 
which divides the leaf and the motile organ symmetrically ; and it is thus unimportant 
here in what direction the rays of light fall upon the motile organ, but only important 
that light is present at aU and increases or decreases in intensity, 

The above will suffice for the distinction of the movements of waking and 
sleeping from the heliotropic curvatures. In order to obtain a shorter expression 
for the former, however, I have since 1865 proposed to term those effects of light 
which cause the opening of the leaves as the intensity increases, and their closure as 
darkness comes on, Paraionic effects \ because they only take place if the leaves are 
in the normal vital condition Phoioionus: If such leaves^ are entirely 

excluded from the light for several days, they pass into a condition of rigidity due to 
the darkness-^i.e, they are no longer capable of being set in movement by variations in 
the light, though this recurs after long exposure to light, by 'which means the phototonus 
is restored, We may thus say shortly, the movements of waking and sleeping are 
called forth by paratonic lightr stimuli, whereas the spontaneous movements of the 
same leaves are independent of any light-stimuli, but probably depend on phototonus; 
heliotropic curvatures, on the contrary, have nothing to do with phototonus. 

If we now wish finally to distinguish the daily periodic movements induced by para- 
tonic light-stimulus, from the various other movements of the same leaves, often combined 
with them, I must, in conclusion, notice a phenomenon which is perhaps the most 
confusing one of all in this province, I have so far assumed that the waking leaves, in 
the diurnal position, only receive ordinary bright daylight, or if the direct rays of the 
sun only temporarily and not too strong. However, if they are exposed to very 
intense insolation, especially about noon, the leaves close up and assume what looks 
like the nocturnal position. We have here, in fact, again to do with the profile position 
characterised by Stahl, which I have already described in detail in the previous 
lecture as regards the chlorophyll-grains, and have referred to as regards the leaves. 
Not only leaves which are paratonic and irritable, but others also have this pecu- 
liarity, that under very strong illumination they undergo curvatures or torsions, by 
means of which the lamina is so placed that the fierce rays of the sun are parallel to 
it, or at aUy rate fall upon it at a very acute angle ; by this means a too intense action 
of the light is avoided. 

It will readily be admitted that it is no easy task to detect the differences 
between all these various influences which cause alterations in the positions and dis- 
position of the leaves, and to keep them apart and refer each to its causes, and 
eventually to recognise in its undisguised form the true daily periodicity which may be 
combined with all these variations. I first succeeded in 1863 in separating the spon- 
taneous periodic movements from the paratonic ones, and in distinguishing between 
phototonus and rigidity due to darkness; and Pfeffer in 1875 first recognised tlie true 
daily periodicity as a phenomenon made up of a direct paratonic action and its after- 
effect, previous observers having already established the fact that the leaves endowed 
with daily periodicity are sensitive to mere darkening and illumination. 
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We have now only to do with the true movements of sleeping and waking, which 
are thus induced by paratonic light-stimuli and their after-efFeets ; and in the first 
place we shall consider those leaves which we may look upon as the most completely 
organised in this direction, namely, the compound leaves of the Leguminosae, 
Gxalideae, and others of that type. It will then be relatively easy to make intelligible 
the phenomena in question in the case of other leaves where special motile organs 
are not developed, and in the case of dowsers. 

It is in the first place important to obtain a clear idea of the motile organs them- 
selves, and this is probably to be obtained in no way better than by examining the 
common Garden Bean {Phaseolus multiflorus and P, vulgaris)^ a single leaf of which 
is represented in Fig. 366 in the nocturnal position, At a is the motile organ of 
the leaf-stalk proper, by means of which it is connected with the stem; at b and £• 



Fig. 366.~Leaf of the Scarlet Runner {Phaseolus multiflorus) in the nocturnal position ; a the large motile organ at the base 
of the leaf-stalk iJr the small motile organs of the three leaflets eee. 

are the motile organs of the individual parts of the leaf, the so-called leaflets. The 
portions d d oi the leaf-stalk are stiff, and immovable on their own account, as are 
also the laminae of the leaflets e e. It is clear that if the motile organ a, which is now 
in the nocturnal position, elongates a little on its upper side, it must necessarily curve 
downwards, and the stalk ^naturally falls; if at the same time the motile organs 
h and c undergo a slight elongation on their lower sides, and accordingly an upward 
curvature, the individual leaflets e e become raised, and we will assume this to occur 
so that they all come to lie in one and the same plane. In this case, then, the leaf 
attains the diurnal position, and it may be incidentally mentioned that the change here 
described is induced by the increasing light in the morning; the opposite change, 
which carries the leaf back to the sleeping position again, results from the decrease 
in the brightness of the light in the evening* Although to superficial observation 
it is the movement of the petiole and of the lamina which is most striking, this is. 
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nevertheless only passive, and is due to the curvature of the motile organs. Fig. 
367 may serve to illustrate the true process more exactly ; after the removal of the 
lamina there remain only the three motile organs of the leaflets on the common 
leaf-stalk, as represented. In A these are very decidedly in the diurnal position : 
the leaflets are no longer all extended in one plane, but are more upright; at ^ 
these motile organs have assumed their nocturnal position. It is hardly necessary to 
add that as the light varies, and froi^i its after-effects, these organs may assume all 
possible positions and curvatures between those of A and B. 

The coarser anatomical structure is illustrated in Fig. 368. C is a transverse 
section through the rigid portion of the leaf-stalk itself; as in most other stiff petioles 
which are channelled above, there are several vascular bundles G arranged 
approydmately in a circle, in addition to two more slender ones (g) running in the 
edges of the channel; the remaining tissues are green cortex c, and soft pith m. The 
appearance is quite otherwise in the transyerse section I) of the motile organ, 



Fig. 367.— TJppej: portion of the leafstalk of the 
Scarlet Runner, with the three motile organs of 
the leaflets. A diurnal position ; JS nocturnal 
position. 


FlG. 368.— C transverse section through 
therigi.d portion of the Jeaf-sfalk of the Scarlet 
Runner. D transverse section of a motile 
organ {slightly magnified). 


although it is fundamentally nothing more than a modified portion of the leaf-stalk 
itself. The cortex c is here much more strongly developed, and consists of very succu- 
lent, strongly turgescent, parenchyma, a little thicker on the lower side than on the 
upper, though otherwise there is no important difference on the two sides. It is im- 
portant to mention this point, since in this tissue we have the active motile substance 
of the organ, and we shall afterwards see that the movements and curvatures of the 
latter depend essentially only upon a different reaction of the upper and lower paren- 
chyma r r towards variations in the light. Here again, therefore, the matter depends 
not on visible relations of organisation, by means of which irritability is to be explained, 
but on invisible molecular structure ; however it must by no means be forgotten that in 
discussing the mechanics of the movements themselves, the coarser structural relations 
are also to be kept in mind. In the middle of this mass of active parenchymatous 
tissue runs a strand G^ which, on being highly magnified, is at once seen to be com- 
posed of a large number of fused vascular bundles ; it has to be supposed that the 
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strands marked G and gj in Fig. C, here come close together, leaving a channel 
above which is filled np with the pith m. As regards the finer anatomical structure 
of the motile organ, reference may be made to Fig. 371 below, which represents the 
transverse section of the motile organ of Oxalis, the relations in both cases agreeing 
in all essential points. The epidermis of the motile organ is relatively insignificant 
and not strongly cuticularised, but furnished with hairs which, however, do not interest 
us further. 

A property of the motile organ of the Bean which is important for our 
purpose, and which also is again met with in all other similar motile organs, consists 
in the tension of the tissues ; for the movements are practically nothing but alterations 
in the tissue-tension as a whole, and their relative sizes on the upper and lower side 
of the organ. In this is conspicuous above all the extraordinary magnitude of this 
tension, w^hich depends on the one hand on the strong turgescence of the irritable 
parenchyma, and on the other hand on the toughness and elasticity of the non-lignified 
strand. By means of the one the thick parenchymatous envelope tends to be 
forcibly extended, and this is prevented by means of the other. The obvious 
consequence is, as explained in Lecture XIII, that the entire motile organ, although 
consisting of eminently succulent tissue, nevertheless possesses a very high degree of 
rigidity, which is also absolutely necessary in order that it may support the 



Fig. 369,--Transverse and longitudinal plates from the motile organs of the leaf of the Bean, lying in water in order to show the 

changes in turgescence, 

weight of the leaf-stalk and leaves, the centre of motion of which lies just in 
this organ. If, by the decrease of turgescence in the parenchyma, the organ 
became limp, the partial loss of rigidity would result in the attached leaf being 
depressed by its own weight: with the changes produced in the parenchyma 
by variations in the light, alterations in the turgescence are, as a matter of fact, 
connected. 

Since it is absolutely impossible to obtain a clear idea of the facts here under 
consideration unless this point is kept in view, I may attempt to illustrate the above- 
mentioned properties of the motile organ still further, by means of Fig. 369. 
A represents a longitudinal section (or better, a longitudinal plate) of the organ, 
cut off transversely above and below. It is noticed how the two halves ss of 
the parenchyma swell and project above and below, because the axial strand g 
is too short for them. In ^ the right half of the swelling parenchyma has 
been separated from the axial strand by a longitudinal section, and it at once becomes 
curved in the manner shown at s on the right. By means of a second section, the left half 
of the swelling tissue has been first bisected, and then the inner part separated from 
the strand ; this became curved concave towards the strand, while the external half 
became curved concave outwards. . From then, it is clear that in the parenchy- 
matous envelope of the organ the external layers are likewise in a state of tension 
towards the internal layers, but so that the entire mass of tissue tends to become 
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convex on the outside. This kind of tension is still more clearly shown in (7, 
where only the one side of the swelling tissue is separated from the strand, and 
the latter now becomes itself curved by the extension of >; had the right side 



Fig. 370,— Leaf of Oxalis carnea. i diurna!, 2 noctiirnal position* 


of the parenchyma not been cut away from C, but had it instead lost only a part 
of its turgescence, then also the organ would have been compelled to make a 
similar curvature to that in C* With the longitudinal tension thus shown, the 



, Q . ■ 

Fig. 371.— Transverse section of the motile organ of a leaflet of Oxalis carnm. 


corresponding transverse tension also is connected, as is obvious at once from 
D and E. D is a transverse plate of the organ, and in E it has been 
divided into two halves by a longitudinal section: it is noticed in F how the 
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tissue ^ projects in both halves beyond the strand. If the observations are carried 
out in the way here described, the parts cut out of the organ must be laid in 
water on a glass plate, in order to avoid drying up, since that would destroy 
the turgescence and tissue-tension. That the relations described exist in the living 
organ in exactly the same way, however, is at once perceived on making proper 
sections through such an organ still attached to the stem. 

It will certainly not be superfluous to illustrate the relations of organisation 
again in the case of Oxalis. Fig. 370 shows a leaf, at / with its three leaflets 
in the diurnal position, at 2 in the nocturnal position. Further description of 
these is unnecessary. It is noticed, however, that the motile organs which connect 
the three leaflets to the top of the petiole are in this case very small, and in 



Fig. 37a.*^Lcingitudiftal section of the motile otgan hbhol^ leaflet of Oxalis carnm. 


fact broader than they are long. The transverse section of such an organ is 
represented in Fig. 371, somewhat highly magnified: beneath the epidermis 0 
there is here again a relatively thick mass of parenchymatous tissue, which has 
distinct intercellular spaces only between the cells of its innermost layers ch : its cells 
contain chlorophyll-corpuscles as in the swelling tissue of the Bean, and in other such 
cases. Within the vascular bundle-sheath s lies the axial strand (?, which here also is 
to be regarded as a union of numerous vascular bundles running together in the 
petiole and separated in the laminae. Here, also, this strand consists of thick-w^alled, 
very firm, but by no means lignified tissue ; since it is important that while it is very 
elastic, it shall yet be exceedingly flexible, for it has to undergo very strong curvatures, 
both towards the upper and towards the lower side, according to the degree of 
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illumination, when either the lower or the upper side of the swelling parenchyma 

is much expanded 

Fig. 372 may aiford an approximate, though not an exact idea of the changes 
in dimensions of this parenchyma in the alternating diurnal and nocturnal positions. 
It represents a longitudinal section through the uppermost portion of the common 
leaf-stalk, on which, to the left, is situated one of the three motile organs, -with the 
mid-rib yy of the corresponding leaflet. Beneath the epidermis/ the parenchyma 
of the petiole as well as of the mid-rib consists of large thin-walled cells; in the 
centre the vascular bundles GG ascend in the petiole, with the pith between 
them ; but as soon as they enter the motile organ, they close together and form an 
axial strand devoid of pith, which eventually enters the lamina of the leaflet 
to form the mid-rib with its lateral ribs. In making this preparation, care was 
taken to make the section somewhat thicker on fhe lower side of the motile 
organ (at 5 ^) than on the upper side,- where the plate is very thin: hence the 
turgescence of the lower side and its tendency to expand were increased (the 
preparation lying in water), and those of the lower side lessened. The organ 
has, therefore, become curved upwards, just as if it were in the diurnal position, 
and the thicker lower side b b presses the axial strand, by means of its tendency 
to expand, concavely upw^ards; and this pressure is at the same time so strong, 
that the swelling tissue of the upper side is very strongly compressed, as seen. 
If the section is made so that the swelling tissue of the upper side remains thicker 
than that of the lower side, a preparation is obtained which represents approximately 
the nocturnal position : the swelling tissue of the upper side, when the preparation 
lies in water, is then expanded, that of the low^er side compressed. 

I think these somewhat prolix descriptions will sufficiently prepare the reader 
to understand what now follows. I shall here rely partly on my own older 
observations, but chiefly on a detailed investigation by Pfeffer. 

Proceeding first then from the easily demonstrated fact that by darkening an entire 
plant or even one leaf only, the nocturnal position results after from half an hour to an 
hour, and when this has occurred the diurnal position is restored on the subsequent 
access of light ; the next question is naturally, What changes in the swelling tissue call 
forth these two antagonistic movements ? Of course it is at once clear that in a down- 
ward curvature the upper side must become longer than the lower, and that in an 
upward curvature the contrary must take place. Provided that a fully developed motile 
organ is under consideration, it may be established by observation and calculation 
that even after numerous up and down curvatures no permanent elongation of the 
entire organ, or, wffiat amounts to the same thing, of the axial strand, results. From 
this, then, it is to be concluded that when one side of the organ has become convex, i.e, 
longer than the other, or again relatively shorter when the curvature is in the opposite 
direction, a corresponding increase or decrease of the water in the half of the organ 
concerned must have taken place, because no other change whatever is conceivable. 
For the present we may leave out of account the question how this is accomplished, and 
use this conclusion simply to obtain an expression for the mechanics of the movement 
itself, for we may now say, as darkness comes on, that side of the organ which is to become 
convex in the first place obtains more water — i, e. its turgescence and its volume 
increase and become greater than on the opposite side. This is induced by the change 
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in the intensity of the light. There is still, however, a very important point to be 
observed here, namely that in darkness an increase of rigidity of the whole organ and 
therefore an increase in the amount of water which it contains occurs, while on illumin- 
ation a diminution of the expansive tendency of the parenchyma and thus a decrease 
in the quantity of the water and rigidity of the whole organ takes place ; in the nocturnal 
position, the entire organ is more rigid than in the diurnal position, as Briicke, and 
subsequently Pfeifer, proved. Moreover, Millardet showed, and Pfeifer confirmed, that 
in darkness an increase of turgescence appears simultaneously in the upper and lower 
half of the organ, and in like manner, on illumination, diminution of rigidity occurs in 
both simultaneously; but although these changes occur simultaneously they do not occur 
with equal rapidity on both sides of the organ. That side in which the increase of tur- 
gescence results more rapidly thus first becomes convex, and the other side is passively 
compressed by its extension ; meanwhile, however, the same change takes place, though 
slowly, in the now concave other half, and this begins to extend and then presses the 
organ over towards the other side. This process requires from a few to as many as 
twelve hours, Then, according to Pfeifer’s description, the reverse change begins 
spontaneously : the side of the organ which has at last become concave, again becomes 
convex, and this process also is then reversed, and this goes on, the movements be- 
coming less and less marked, till after a few days the organ comes to a stand-still. 

This result, i.e. this long- continued after-effect, only occurs in an undisguised form, 
however, wdren the plant remains for several days in the dark, after having been exposed 
to the normal alternation of day and night, and has assumed its nocturnal position; or 
when, normally vegetating, it has assumed its diurnal position and is then constantly 
illuminated for some days. In both cases the after-effect, swinging to and fro like a 
pendulum, dies away, but with a different final effect in each case; for if the plant re- 
mains in constant darkness until the after-effect ceases, it is then in a state of darkness- 
rigor, and is no longer sensitive even to sudden strong illumination, though if con- 
tinuously illuminated it may again return to the condition of phototonus ; if, on the 
contrary, the movement ceases during constant illumination, the motile organs are at 
once irritable for a subsequent darkening, and assume the nocturnal position. 

From the behaviour here described, as was first shown by Pfeffer, the ordinary 
daily periodicity now arises, the sleeping and waking, the daily recurrent variations of 
light combining with the after-effects—i.e. when the leaves have assumed their nocturnal 
position in the evening, there still follows during the darkness of the night, as an 
opposite effect, a tendency to assume the diurnal position. If then in the morning 
the light falls on such a leaf, this also induces a tendency to the diurnal position: after- 
effect and the influence of direct light thus combine, and since these changes in the 
organs, which have produced the diurnal position, are now followed in their turn 
again by the tendency to attain the nocturnal position coming in spontaneously, the 
latter is aided by the darkness which comes on in the evening. It is clear that the 
periodic variations caused by the after-effect need not always exactly coincide with 
the daily variations in brightness, and that therefore several kinds of differences 
in the combined actions must result. 

The above, then, embraces in the main the theory of the sleeping and waking 
ofperiodically motile leaves which possess special motile organs, I may still add that 
Pfeffer, by means of ingenious researches, has also measured the magnitude of the 



lecture XXXVI. 


636 

forces at work in the motile organs: in. the case of the common Garden Bean, for 
instance, the increase of the expansive force in the upper half of the organ in the 
evening may equal a pressure of five atmospheres, so that the total expansive 
force then amounts to a pressure of more than seven atmospheres— i. e. if we 
suppose the transverse section of the motile organ to measure i sq. cm., a pressure of 
more than seven kilograms would be acting on it. Of course the transverse section 
of such an organ is usually only about i sq. mm., for which the pressure would 
amount to only the hundredth part of the above. 

The reader will no doubt be desirous of having the theoretical statements made 
above in the abstract, illustrated clearly by means of a few examples. I will therefore 
next quote a series of observations which I made -with A cacm lophantha. ^On the 
20th April, 1863, a young plant of Acacia lophantha furnished with new, fine, very 
healthy looking leaves, was placed in a wooden case, in which was also a thermometer 
hanging close beside the plant. 

‘The observations were here made hourly, but I will include in the table only 
those observations where some change is shown, in order not to make it inconve- 
niently long; wherever 4-10 hours are passed over in the table, it signifies that there 
was no noteworthy alteration in that time. 


April, 

1863. 

Hours, 

C«. 

Acacia Zop/tafa/ia in the do-vk. 

20 

9p.m. 

17-5 

Nocttirnal position. 

31 

6 a.m. 

17-5 

Leaflets opened 90®. 


8 „ 

17*5 

Opened further. 


12 noon 

18*0 

Leaflets opened 180®. 


6 p.m. 

17-5 

Leaflets opened about 60-70®, 


9 

17-0 

The older half-opened, the younger quite closed. 

22 

6 a.m. 

I7-0 

Leaflets opened about 1 30°, lateral stalks irregularly downwards. 



17.8 

Leaflets opened about 180°, secondary stalks irregular. 


12 noon 

18.0 

The same. 


4 p.m. 

1 1S.7 

Leaflets beginning to close. 


! 9 

18.0 

Lower leaves open, upper half^open, | 

33 

7 a.m. 

17.7 

All leaves regularly expanded flat, 1 


12 noon 

16*3 

The same. 


10 p.m. 

i6*2 

The same. 

34 

6 a.m. 

15.6 

The same— inner ones not quite flat. 


12 noon 

16.3 

All leaves quite open (180°). 


10 p.m. 

15.6 

The same — upper leaves irregular. 

25 

6 a.m. 

15.0 

All open and expanded flat. 


‘The plant had thus for 48 hours discontinued its periodic movements all but 
mere traces. After the last observation it was placed in the window, where, the sky 
being cloudy, its leaflets placed themselves decidedly downwards (the angle of opening 
being far beyond 180'^) whthin two hours, and then appeared slight changes in position in 
the secondary stalks. About 12 o^ clock (noon) this Acacia suffering from rigor due to 
darkness together with one in the normal condition W'Cre placed in the dark : the 
leaflets of the former did not alter their position but remained open, while those of the 
latter, on the contrary, assumed a pronounced nocturnal position within an hour* 
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Both were then placed at the window, where the leaves of the rigid plant again 
maintained their position unchanged, whereas the previously closed leaves of the 
normal plant opened again in an hour, the sky being cloudy. In the evening of this 
day (about 5 o’clock) the lower six leaves still remained stiffly open, the upper ones 
(8 and 9) closed : next day the periodic movement was completely reinstated. The 
plant had taken no harm, and is now vegetating actively.’ 

In the year 1870 Paul Bert, as Pyrame de Candolle had already done at the 
beginning of this century, exposed Mimosas to continuous illumination with lamps 
during the night and ordinary daylight during the day, and found that the extent 
of the movement of the principal leaf-stalk gradually diminished, but subsequently, 
under the influence of the daily variation of light, was again restored. The effect of 
continuous illumination was also investigated in detail by Pfeffer, who employed 
for this purpose two Argand gas-lamps, which, however, were likewise employed 
only for illumination during the night, the plants being exposed to diffused bright 
daylight during the day. Pfeffer expresses himself as follows respecting an investi- 
gation made in this way with Acada lophantka \ — 

^In continuous illumination the amplitude of the daily periodic movements 
gradually decreases, and if no autonomous movements affect the experimental 
objects, the leaves at length become motionless, but are at the same time perfectly 
sensitive paratonically. In an experiment made with Acada lophantha^ a small pot 
plant bearing four leaves was kept in diffused light on 13th June, 1873, and 
illuminated in the evening. On this day the leaflets closed completely; on the 
next almost completely ; on June 15th the amplitude of the movement of each 
leaflet was about 70®; on the i6th June i5“35°; on the 17th June 5-20°; and 
then on June 19th, variations in the brightness being avoided as much as 
possible, the amplitude was at any rate less than 5°. The periodic movements 
had thus practically ceased, the leaflets on the older leaves being expanded nearly 
flat, those on young leaves being inclined towards one another as much as 130^’ 

Plants tvhich have become motionless in the light are just as sensitive to 
darkness as are plants which have been submitted in the usual way to the daily 
variation of illumination. 

^In the leaves of the above-named plants,’ he continues, 'no autonomous 
movements can be demonstrated with certainty, but where such exist they continue 
even when the illumination is constant, and apparently do not lose in amplitude. 
The autonomous movements of the leaflets of TrifoUurii prafense are very considerable ; 
the terminal leaflet may accomplish a movement of 30-120 degrees in the course 
of I j-4 hours. If such a plant, previously exposed to daily variation of light, is illumi- 
nated in the evening and thenceforth kept continuously in the light, no further 
closing movement corresponding to the daily period was to be observed even on the 
following evening, apparently because it was obscured by the autonomous move- 
ments, which went on with an amplitude „ of as much as 100 degrees, and with 
a rhythm of about two hours. These autonomous movements continued also un- 
changed while the plant was kept constantly illuminated for two days longer. Au- 
tonomous movements of less amplitude and shorter persistence occur in the 
primary leaf of ffedj/sa 7 'u?n gy ranso m. \vl[{ic^ occasionally an amplitude of vibration 
of only 8 degrees in a period of ten to thirty seconds is observed. If this plant 
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is submitted to artificial illumim in the manner just described for Trifolium^ 
it is possible on the evening of the following day still to perceive clearly the 
sinking corresponding to the after-effect of the daily period, the autonomous 
movements going on all the time. The independence of this from the daily 
periodic movements here comes sharply into view, and the same is the case when’ 
the plant is kept in the dark, where it behaves much as in continuous light. This is 
true also lox Trifolium pralense—i. t, even on the first day of its being kept in the 
dark the daily period is no longer perceptible, on account of the great amplitude of 
the autonomous movements.’ 

with the fact which I had previously established, that movements 
in the vegetable kingdom which are induced by light depend upon the strongly 
refrangible or so-called chemical rays, it is also found that the paratonic stimulation 
of periodically motile leaves is caused by the light of the blue half of the spectrum. 
I demonstrated so long ago as 1857 that in the case of the leaves of the Bean and Wood 
Sorrel, when in their diurnal position, covering them with a dark blue glass bell-jar which 
excludes all the yellow, green and orange light, produces no change whatever in the 
position of the leaves, although to our sense of sight a strong darkening is connected 
with it; to the plant, however, it reacts not like darkness but like complete light. If 
the plant, or a single leaf of it, is covered with a bell-jar of ruby coloured glass 
which transmits only red and a trace of green light, then the effect is exactly as 
if an opaque receptacle had been employed: the leaf in a short time assumes its 
nocturnal position, and thus reacts to the red light as towards darkness. It 
would be a mistake to suppose from what has been said above, however, that only 
the plant covered with the blue cobalt glass, would awake again next morning; for 
the one under the ruby-coloured glass does so also, and we know indeed that 
it would do so even if it remained in profound darkness. 

Attacking at last the question as to what the first effect of the stimulus 
properly consists in, which an alteration of the intensity of the light produces, we 
must adhere to the conclusion already arrived at and drawn directly from 
the facts (p. 634) that it concerns changes in the turgescence in the Uvo halves 
of the tissue of a motile organ, and that these under the prevailing circumstances 
can only depend upon the addition and abstraction of ■water. Darkening thus 
causes an increased flow of water inta the whole motile organj but more rapidly 
into the one half than into the other; increased brightness of the light, on the 
other hand, must cause an’ abstraction of water from the entire organ, because 
it becomes more flaccid, and this again in the one half more quickly than in 
the other. This water, however, is inside the cells, surrounded by protoplasm 
and ceil- walls, and in part is also present in the protoplasm or in the cell-w'alls 
themselves. Two possibilities thus present themselves. Either the light acts on 
the imbibition-forces of the cell-wall, increasing them by darkening and diminish- 
ing them by brightening; or the variation of light influences directly the properties 
of the protoplasm itself, and induces in this changes by which the turgescence 
may be increased or diminished. For the first of these assumptions no certain 
analogy is known, and on closer reflection it only leads to ncNV difficulties. 
On the contrary I shall show in the next lecture that we can analyse certain 
phenomena of irritability of the organs of Mimosese and others, so far as to say 
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that the stimulus first produces a change in the molecular structure of the protoplasm, 
which thereby becomes more capable of filtration, i. e. allows water to escape, 
whence it penetrates also through the cell-wall, and consequently the cell 
becomes smaller. In this manner curvatures, exactly like those here considered, are 
produced in the similarly motile organs of the leaves of Mimosa and other plants 
by means of mere vibration. Supported by this analogy then it is probable 
that we may decide in favour of the second of the two alternatives mentioned 
above. We may assume as probable that an increase in the intensity of the light 
makes the protoplasm in the cells of the periodically motile organs a little 
more capable of filtration, so that the already very high pressure of the cell-sap on 
the wall causes a small quantity of water to filter out and enter the neighbouring parts 
of the stem or petiole; whereas on darkening, the capacity for filtration of the 
protoplasm is increased, making possible a greater turgescence and extension of the 
cells. 

This is of course, in the meantime, only a conclusion based on analogies ; but it 
appears to be supported by all that we know otherwise of irritability in the vegetable 
kingdom, and as to turgescence and the properties of protoplasm. However, I must 
refer to the next lecture for more particulars. 

In conclusion, before dismissing the subject of daily waking and sleeping, and the 
paratenic irritable movements of the leaves due to light, so far considered, I may make 
a few short remarks on a point concerning the mechanism of these movements, which 
Pfeffer first insisted upon and investigated in detail. When, in the case of a com- 
pound leaf, like that of the Bean, the motile organ is situated at the base of the petiole, 
the size of the angle between the petiole and the shoot-axis is altered with its move- 
ments ; the entire leaf rises and falls — in the Bean, for example, it rises in the 
evening and sinks in the morning — in the evening the apex of the angle is smaller, 
in the morning larger. Simultaneously with these changes, however, the position of 
the three leaflets at the other end of the leaf-stalk is also changed; in the evening 
they all curve downwards, and especially the most anterior leaflet. By this, how- 
ever, the moment of rotation which the weight of the leaflet on the petiole exerts 
as a lever on the lower motile organ becomes smaller. This favours the erection of 
the whole leaf-stalk, or the diminution of the angle between it and the shoot-axis, and 
the reverse must occur on the access of the light in the morning; by the direct 
stimulus of the light the chief organ of the leaf-stalk not only becomes curved 
downwards, but also a little more flaccid, and the weight of the three leaflets 
causes a further depression, and in addition the leaflets now become expanded 
and thereby exert a greater moment of rotation on. the motile organ, and this, 
also acts again in the same sense that the leaf-stalk falls somewhat more than 
would have happened simply by the stimulus of its motile organ by light. In 
this case, then, the changes of position of the leaflets in connection with their sleep- 
movements, acting on the petiole as a lever, produce a similar effect to that of the 
paratonic stimulations on the lower motile organs of the leaf-stalk itself. In the 
Mimosa, on the contrary, Pfeffer showed that the sleep-movements of the two or 
four secondary petioles at the end of the main stalk produce lever-actions on the 
latter which influence the paratonic movements of the large motile organ at the 
base of the leaf-stalk in the opposite sense ; since, on darkening, the secondary 
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petioles and leaflets lay themselves together, the lever on which their centre of 
gravity acts becomes longer, and thereby the moment of rotation of the leaf- 
stalk so increased, that it sinks in the evening, and its motile organ curves 
downwards, although it strives, in consequence of the action of the light in itself, 
to erect itself as in the case of the Bean. I give these remarks on Pfeifer's 
authority, not having yet had an opportunity of making decisiYe observations for 
myselh , 

There are perhaps not many opportunities where it is possible to make so 
clear to the non-physiologist the extraordinary difficulties which are often con- 
nected with the investigation of the phenomena of life as here, in the case of 
the sleep-movements of compound leaves, and it is chiefly on this account that 
I have dwelt on them at so great a length. 

As already stated, there are also numerous foliage-leaves, at the base of 
which no specially developed motile organ exists, and where also the indi- 
vidual parts of the leaf are not sharply separated, and not connected with the 
stalk or mid-rib by means of special motile organs, but in which, nevertheless, 
very evident or slightly perceptible sleep-movements as well of the whole leaf 
as also of its parts take place, and this again in such a way that the entire 
leaf rises and falls, approaching or retiring from the upper part of the shoot- 
axis, while in many cases the lateral ribs of the lamina curve at the same time 
upwards or downwards, leaving the lamina flat or curved. However, only the 
movements of whole leaves produced by upward and downward curvatures of 
the petioles, or the lower parts of the laminae, have been investigated in detail; 
and the following statements refer to these only. According to Batalin and 
Pfeifer the movements in question are very evident in the following well-known 
plants. Several Balsamineae (Impahens noli-me-iangere)^ Chenopodieae, Atripliceae, 
Solane^, Mimtdus^ Mirahilis Jalappa^ species of Sikfie and Alsifie^ some Com- 
Malva rotundzfoim, (Enoiherap For iulacca, Linimi grandtjlorum, species 
of Polygonum, Senecio •vulgaris, Ipomcea purpurea (Blue Bindweed), Brasska^ 
oleracea (Cabbage); I may also add the leaves of Helianihus annuus (Sunflower), 
and particularly the leaf-Iike cotyledons of many dicotyledonous seedlings. 

From the investigations of the observers mentioned, the movements of such 
leaves agree with those of the group described in detail above, in all essential 
points except one ; these leaves are not furnished with special motile organs, and are 
found to be in periodic movement only so long, and are only so long para- 
tonically sensitive for variations of light; as they are still growing, and in fact 
the irritability begins to make its appearance when the young leaves come 
forth from the bud ; the irritability increases, and the magnitude of the daily 
movements likewise, in proportion as the grow’th is accelerated, in accordance 
with the grand period of growth ; when the growth becomes slower again, the 
irritability and motility also decrease more and more, until at length, on the 
cessation of growth, the sleep-movements also disappear. Here, also, the motile 
part, capable of curvature, need not remain the same; if the zone of strongest 
growth advances along the petiole, or forwards from the base of the lamina, the 
curvatures also occur at corresponding places. 

With regard then especially to the mechanism of this movement, practically 
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all that has been said of the proper motile organs, applies to these cases also, at: 
least according to Pfeifer’s account, ■ onij with the difference that the important 
matter here is not, as there, a periodic lengthening and shortening of the upper 
or lower side of the organ, but each elongation with its consequent curvature is 
permanent ; when the other side becomes elongated, with a corresponding curvature 
in the opposite direction, this elongation is also permanent, and so on-^L e, the 
upward and downward curvatures are here caused by first the one and then the othen 
side growing more vigorously. 

Fundamentally, however, there is no difference whatever in principle, as 
is evident from the fact that even in the case of the leaves of the group first 
considered the periodic movements commence before the motile organs are fully 
grown. Still more important, however, is the following consideration; it has 
already been shown in previous lectures that growth in general depends upon 
the turgescence of the cells, and that as the turgescence' of the tissue increases: 
its growth is accelerated, and as it diminishes, it is retarded. If now changes in' 
turgescence are caused by illumination and darkening, just as in the motile organs' 
of the first group, so also changes in the rapidity of growth must occur in growing: 
organs. In this case, for upward and downward curvatures to result, the alter- 
ations in turgescence here also must take place more quickly on the one side of the 
organ in question than on the other. 

From PfefFer’s descriptions it is particularly clear in the case of the young leaves 
of Impaiiens noli-tne-iangere, which are very sensitive to variations of light, that they: 
agree in every respect, apart from the difference just explained, with the leaves 
of the group first considered above. 

Pfeffer established in 1873 that those corollas which exhibit so-called sleep- 
movements—i. e. which open and close at certain hours of the day — likewise owe 
this periodic movement to periodic alterations in the growth in length of the outer 
and inner sides of the petals. Since, therefore, we are here no longer con- 
cerned with a new principle, but only with peculiarities of floral structure, and- 
specific differences, F shall desist from descriptions in detail, and only dwell on- 
one point. 

While in the case of the foliage-leaves of the first group, the effect of changes* 
of temperature is of entirely subordinate importance, compared with the paratenic 
action of variations of light, in the case of the foliage-leaves of the second group, 
where growth is the prominent feature, the variations of temperature exerr 
great influence. But it is in periodically motile flowers that sudden variations 
of temperature induce, the most active movements, and of such a kind that 
an elevation of temperature causes the flowers to open, and thus produces an 
outward curvature of the petals, while sudden cooling effects their closure, 
that is an inward curvature, by the more active growth of the outer side. 
In addition to the flowers of the Crocus and Tulip, Pfeffer mentions as very 
sensitive to changes in temperature the corollas of Adonis vernalis, Orniihogaluni' 
umhellaium^ Colchicum auiumnale — i, e. particularly flowers which are apt to open 
in the Spring or late Autumn, when the, temperature of the air is low, and; 
which are only occasionally warmed by the sun. Less sensitive are those of 
Ficaria rammeuhides^ Anemone nemorosa, and M.ilope irifida, all of which execute 

[3] Tt 
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movements at air times of the day under the influence of changes of tempera- 
ture, but the more energetic the longer the interval since the last movement was 
accomplished. This is still more conspicuous in the case oi NympJma alba, Oxalis 
rosea and O. valdmensis, MesembryaniJiemum, and the motile flowers of Compositse. 
These close in the evening, and then even increments of temperature to the extent of 
jo- 2 8° C. scarcely effect their opening ; in the morning, on the contrary, a 
rise of temperature causes these flowers to open even when it is dark* 

The reader may easily see for himself these effects of variations of tem- 
perature by taking Crocuses and Tulips cultivated in flower-pots, in the Spring 
when the weather is cool and the flowers outside are closed, and placing 
them simply in a warm room, where they will often open after a few minutes. 
The observation may be made even more simply: if a closed Tulip-flower 
is placed with its stalk in warm water at 20-25® it opens visibly, and this in 
fact was the experiment by which Hofmeister first detected the influence of 
variations of temperature on the opening and closing of flowers. In the case 
of the Tulip and Crocus, Pfeffer was able by warming and cooling the flowers 
to. make them open and close eight times in one day; but even in these cases 
the opening was more energetic if the flowers had been closed for some time, 
and conversely. Particularly sensitive Crocus flowers maybe made to open and close 
completely by a variation of 5°C. in eight minutes; with variations of i2-2o°C. this 
resulted in as little as three minutes. Pfeffer found, moreover, that Crocus flowers 
are sensitive to even |°C., and those of the Tulip to variations of 2®C. 

Those flowers which are sensitive to variations of temperature are more- 
over sensitive to variations of light. Nevertheless the sensitiveness is greater 
for the one or the other according to the species of plant: the flowers of 
the Crocus and Tulip which are so very sensitive to variations of temperature, 
become closed when suddenly placed in darkness, and opened on being illuminated, 
and this indeed with an energy which is capable of overcoming the effect of opposite 
though feebler stimuli due to temperature. On the other hand greater variations in 
temperature are again able to reverse the opening or closure effected by light 
and darkness. In Oxalis, Nymphaa alba, Taraxacum, &c., on the contrary, the 
closure in the evening cannot be arrested by raising the temperature, and just 
as; little can lowering the temperature in the morning prevent the opening. If 
however these flowers are kept closed during the day, they can be opened in 
the evening by raising the temperature, and so on. 

From this different susceptibility for variations of light on the one hand, and 
for variations of temperature on the other, we obtain the simplest explanation of 
the fact that some flow'ers in the open exhibit a marked daily periodicity, while others 
close and open at any time of the day on sudden changes in the weather ; evidently 
the former are sensitive for the daily variation of light more than for variations of 
temperature, the latter, on the contrary, are very susceptible to sudden warming and 
cooling. 

Finally it has yet to be mentioned that some flowers close when the light is 
too strong, as well as when the temperature is too high, thus resembling periodically 
motile foliage-leaves — with which, however, this only happens wlien the light is too 
intense. Pfeffer observed this in the flowers of Oxalis ualdivknsis, Calendula, 
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&c., when in the direct rays of the sun. Still it is of course doubtful whether in 
such cases the effect is to be ascribed to the light or to the heat. 

If in conclusion we raise the question as to the purpose and uses for the 
plants concerned of all the periodic movements and qhanges directly resulting from 
stimuli here described, of course only a special consideration of the mode of life 
of each individual species could afford the answer in detail; still their utility can 
be recognised in a general sense even without that. That flowers with rare 
exceptions open in the morning, as the brightness and warmth increase, and close 
in the evening, is evidently connected with the function of pollination—i. e. with the 
transference of the pollen from one flower to the female organ of another flower 
of the same species. For this transference is effected by insects, which as a rule only 
visit the flowers in bright and warm weather : at night, when the conditions are 
different, the sexual organs of the flower are protected by the closure of the 
corolla against excessive cooling by radiation and whetting with dew, and probably 
from several other dangers. The opening and closing of foliage-leaves may in some 
cases enhance the above described protection of the sexual organs, though as a rule 
it may be assumed that by pronounced erection or depression of the laminae of 
foliage-leaves in the evening, the excessive cooling of the highly important 
chlorophyll-tissue during the night is avoided ; on knowing that these thin tissue- 
lamellae may be cooled by mere radiation at night, particularly when the sky is clear 
and serene, to 5-8'^ C. below the temperature of the surrounding air, it is obvious 
that even during nights wFen the air is at 5°-6° C. such a cooling may fall below 
the zero point and lead to the danger of freezing. The extended diurnal position 
of the foliage-leaves is simply and only adapted for temperatures and lights favour- 
able to vegetation, and only useful for assimilation within these limits ; wherever 
the conditions are unfavourable in this respect, particularly in the case of thin 
delicate foliage-leaves, they become closed or assume the profile position, as well in 
excessive sun-light as in the darkness and cold of the night. 
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THE IRRITABILITY OF MIMOSA AND OTHER PLANTS. 

Like several other Mimosse and Oxalidae, the Sensitive-plant {lizmosa pudica) 
is noted for the fact that the motile organs of its leaves are irritable not only in 
response to the various stimuli mentioned in the previous ieoture, but also to small 
vibrations and other disturbances. These are the most easily perceived and therefore 
the longest known phenomena of irritability, and indeed up to the present century 
they were regarded as the only ones in the vegetable kingdom. The effects of 
stimulation and the mode in which those effects are produced in this case have now 
been studied so often, so thoroughly, and with such good results, that we may regard 
them as affording so far the most solid foundation in the i.vhole province of the 
phenomena of irritability, so that not only a series of organs which behave similarly, 
but in fact almost all other phenomena of irritability, become more or less in- 
telligible by means of them. 

Mimosa pudica^ a Leguminous plant belonging to the widely spread tropical 
family Mimosese, is a native of Brazil, and is now commonly met with in the East 
indies and other tropical countries; even with us it produces abundance of seeds 
capable of germination, and this not only in pots and cultivated in the window, but 
even in the open, so that anyone may grow this remarkable plant, and with little 
trouble observe the phenomena of irritability now to be described. Growing in 
the open, especially in bright sunshine, it forms several vigorous foliage-shoots, 

often 60-80 cm. long, which lie prostrate on the soil; in a chamber, on the 

contrary, i. e. in a feebler light, the principal shoot grows erect, and only a few 
lateral shoots come out obliquely from below. On each shoot-axis there are 
6-10 doubly compound foliage-leaves ; on a petiole 4-8 cm. long, we find two, 

or a couple of pairs of secondary petioles each 4-5 cm. in length, and each of 

which bears 15-25 pairs of small leaflets. Each leaflet is about 5-10 mm. long 
and r-5-2 mm. broad (see Fig. 373 A)* All these parts are mutually connected by 
w'ell developed motile organs. Each leaflet is situated directly upon a motile 
organ, o-4-o*6 mm. in length, joined to the secondary petiole ; the four secondary 
petioles in their turn are connected to the end of the primary leaf-stalk by a some- 
what larger organ which is 2-3 mm. long and about i mm. thick. The base of the 
primary leaf-stalk itself is transformed into a motile organ 4-5 mm. long and 2-2-5 
mm. thick. 

The structure of these motile organs in general agrees with that of tliose of the 
Bean and Wood Sorrel which have been described in the preceding lecture : each 
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motile organ consists of a tliick covering of parenchjma enveloped by a feebly 
developed epidermis devoid of stomata, and which sorrounds an axial, flexible, 
but only slightly extensible strand of vascular bundles ; the individual bundles of this 
strand arise from the vascular, bundles of the shoot-axis, and at the other end of the 
organ where they enter into the leaf-stalk they become again isolated, as has been 
described in the case of the Bean. The parenchyma consists of rounded cells which 
in the neighbourhood of the vascular strand enclose rather large intercellular spaces 
containing air; these spaces are much smaller, however, in the 10-20 outer layers 
of the parenchyma, and are altogether absent in the neighbourhood of the epidermis. 
These air-cavities between the cells communicate with one another from the strand 
to the middle layers of tissue; the very small intercellular spaces of the outer layers 
of cells, on the contrary, appear as separate three-cornered lacunae, and, in specimens 
under the microscope, are filled with water. The cells of the lower side of the organ 
are thin-w^alled, those of the upper side have walls about three times as thick, which like 
the former are traversed by numerous pore-canals. In addition to abundance of 




FIG, 373,~Leaf of Mwicsa pudica, half natural size. A the cliumal non-imtated condition : />’ the nocturnal 
position, or after irritation by a shock (after Duchartre). 

protoplasm, nucleus, and small chlorophyll-corpuscles and starch-grains, the cells 
contain each one large spherical drop suspended in the sap-cavity, and which consists 
of a solution of tannin surrounded by a delicate pellicle. Unger also found similar 
structures in the motile organs of Desmoditm gyrans and GJycyrrhiza, which, how- 
ever, are not sensitive to contact and vibration. Again, the organs of Mmosa are 
irritable even in the young state, when the cell-walls in the upper half of the sheath of 
parenchyma are not yet thicker than those of the lower, and the spheres referred 
to are still wanting. Too great importance therefore is not to be attributed to these 
anatomical matters, in respect to the specific phenomena of irritability ; and this so 
much the less, because the corresponding anatomical characters of the irritable tissue 
in other organs to be considered . later, differ in several respects, although the 
phenomena of irritability are the same in all essential points, ■ 

When a Sensitive-plant- is left to itself during, the day, its petioles are 
directed obliquely upwards, the secondary petioles with their leaflets being extended 
almost exactly in one plane, as in Fig. S 73 ^> Any vibration (unless very gentle) affects 
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the whole plant, so that the motile organs of all the primary "petioles curve 
downwards, those of the secondary petioles forwards, and those of the leaflets 
forwards and upwards, as shown in Fig. 373 This condition resembles 
outwardly that of a leaf in the nocturnal position, or the one induced by sudden 
darkness; internally, however, it differs from it, because vibration still induces 
stimulation in leaves which are already in the nocturnal position, as is particularly 
evident by the relaxing of the lower large motile organ. Mention may here be 
made of the very important fact, that the nocturnal position induced by dark- 
ness is connected with an increase of turgescence and rigidity of the organ, 
whereas it suffers a very marked relaxation under the influence of vibration, so 
indeed, that a Mimosa leaf stimulated by contact or vibration, may swing loosely to 
and fro until it again assumes the irritable condition. In the day-time this follow's 
after a few minutes, the leaves assuming the position represented in Fig. 373 
whereupon they are again sensitive to vibration. 

In the case of the motile organs of the primary petiole and secondary 
petioles, in very irritable Mimosas, a slight touch of the hairs on the lower side 
suffices to induce the movement ; and the lightest touch of the glabrous upper 
side causes the movement of those of the leaflets. 

The sensitiveness of the Mimosae depends to a large extent on the elevation 
of the temperature, and upon the moisture of the air: as these increase, the water 
contained in the whole plant increases, and particularly the turgescence of the 
motile organs. With the air at 25-30° C, and sufficient moisture, the irritability 
of the Mimom is so great that the mere shaking as one passes by the plant acts as 
a shock sufficient to irritate it, and its leaves fall and close up; it is thus almost 
impossible to lift up and replace a plant in a flower-pot, even with great care, 
without inducing the effects of stimulation. 

Of peculiar theoretical interest also is the unusually clear propagation 
of the stimulus in the Mimosse, which is effective over distances 50 or more 
centimeters in length. If, for example, one of the terminal leaflets is snipped 
off, or its motile organ touched, or the sun’s rays concentrated to a focus 
on one of these leaflets, a movement is at once produced, and the opposite 
leaflet rises almost simultaneously, the neighbouring leaflets then following in 
pairs, and so on with leaflets further and further away, down to the base 
of the secondary petiole : after a short pause the lowermost leaflets of a neigh- 
bouring secondary petiole then begin to fold together, and this proceeds from 
below upwards, and is repeated by the leaflets of the other secondary petioles, 
and Anally (often only after a long time) the primary petiole of the leaf also falls 
downwards. If the plant is only irritable to a moderate extent this is all that 
happens, and the stimulated leaf resumes its normal position after a few minutes ; 
but in very irritable and quite healthy plants, the irritable movement of the first leaf 
is followed after a few seconds by the sudden falling down of one of the nearest 
leaves situated higher or lower on the shoot, and thence onwards, proceeding 
in series, the irritable movement of all the leaves of the same shoot following as 
if the plant had been shaken. Thus, in the course of a few minutes all the leaves of 
a shoot of a vigorous Mimosa may be set in movement, although only a single 
leaflet had been stimulated originally; occasionally it happens that individual 
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iiiotile organs are passed over, only to be put in motion later. If the plant is 
left to itself, the leaflets and secondary petioles again expand after a few 
minutes, the primary stalks become erect, and all the motile organs are then again 
irritable. 

Just as a motile organ can be stimulated by cutting into a small leaflet, 
or by burning it, so too it is possible, especially in the case of very turgescent, 
and therefore highly irritable Mimosas, to stimulate the leaves from the inter- 
nodes of the shoot-axis. Taking care that the shoot-axis is firmly fixed, and 
then placing the edge of a very sharp razor carefully and without shaking 
on the epidermis of the shoot-axis, and cutting gently into the succulent cortex 
until the resistance shows that the razor is penetrating the wood, a drop of 
water at once oozes out, especially if the razor is at once removed, and very 
soon one of the neighbouring leaves (or even several of them) is set in motion 
and relaxes. This experiment was known to the older vegetable physiologists, 
Dutrochet and Meyen, and is exceedingly instructive : it shows that the mere 
movement of water within the tissue induces the position of the- leaves produced 
by irritation. This conclusion is the more certain, since the incision as far as the 
wood only induces the effect described, when a drop of water wells out from the 
w^ound : if the tissue is not siifl&ciently turgescent to exude water after the 
wounding, no movement of the leaves in the neighbourhood is induced. 
Evidently the incision of a leaflet with a pair of scissors, or burning it in the 
focus of a lens, produces nothing more than a sudden movement of the water in 
the tissues, which is propagated into the irritable organ, and induces the actions 
yet to be described. In 1865, in my ^.Handbook’ I drew from these facts the 
conclusion, that in the irritability of the Mimosse the only essential factor must be 
the movement of water in the tissues, and corresponding changes in turgescence 
in the motile organs h Further proofs of this, and a more exact insight into 
the processes occurring on stimulation were obtained by Pfeffer in 1872^. By 
means of linear measurements on the organ, at first not stimulated and then 
stimulated, he established in the first place that the volume of the lower parenchy^ 
matous half, which becomes concave in the curvature due to irritation, diminishes, 
and that of the upper, as it elongates, increases ; but the increase in volume of the 
upper half is much less than the decrease in volume of the lower one, whence it 
follows that the whole motile organ becomes smaller — decreases in volume— as 
it curves down in consequence of stimulation. From all the facts, it follows that 
the decrease in volume of the lower parenchyma can only be due to the escape 
of water from the tissue, and Pfeffer demonstrates this in the following manner, 


^ I gave a comprehensive description of the irritable movements of the leaves oiAIintosa on the 
basis of my own extended investigations and with reference to what was then known in my * Expen'- 
7nental-physioIogiep 1865 (p. 479), and there first laid stress on the fact that displacement of water 
in the tissues is of importance in the matter, 

^ Very thorough investigations not only into the leaves of Mimosa and Oxalis^ but also into the 
stamens of the Cynarm and Berberis were given” by Pfeffer in his * Physiologischen Urttei'sttckimgenP 
Leipzig (1873). With respect to his results mentioned in the text, I then gave a renewed 
description of the phenomena of irritability generally in my ^ Lehrbuchi IV Aufl., 1874 (pp. 850-869),^ 
and the preceding lecture contains essentially only an extract from that work ; to which I may refer 
the reader as regards several points which can only be briefly touched on here. 
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and I have myself repeated the experiment several times. After cutting across the 
motile organ at the boundary of the petiole, where the axial strand is still undivided, 
the organ is at first in the highest degree stimulated, and thus curves downwards. 
If the plant is now left in an atmosphere saturated with moisture, under a large 
glass bell-jar for instance, the motile organ thus freed from its leaf-stalk erects 
itself again, and after a short time becomes again irritable : on now attentively 
regarding the cut surface, and irritating the lower side of the organ by means of 
a somew^hat rough touch with a blunt needle, the organ curves downwards, and 
a drop of water escapes immediately from the section. This water, as Pfeifer 
showed, comes from the parenchyma itself, and almost exclusively out of that 
\vhich surrounds the axial strand and contains large intercellular spaces ; occa- 
sionally, however, I have seen the transverse section of the strand itself become 
moist. If the parenchyma of the upper side is removed from a motile organ, and 
the rest of the organ makes a vigorous movement of irritation, it is occasionally 
possible, . according to the above observer, to see water escape from the horizontal 
longitudinally cut surface of the motile organ. 

It is thus certainly, established that in the mpvernent of irritatioil water escapes 
from the lower parenchyma. The small increment of volume of the upper paren- 
chymatous half during the curvature above mentioned, shows moreover, that part of 
the water enters into this tissue; the decrease in volume of the whole organ, as 
\vell as its becoming flaccid during the movement, as already mentioned, show just 
as definitely that a portion of the water expelled from the lower parenchyma must 
flow somewhere else, probably at the same time into the rigid tissue of the petiple 
and into that of the shoot-axis; probably a very small quantity also passes into 
the axial strand of the organ. 

The importance of the subject may justify further reference to Fig. 369, 
and to the changes in turgescence in the motile organs, especially the large 
ones at the base of the petiole in the Mimosae. 

Gn cutting away the parenchyma of the upper side of the large motile 
organ, as far as the axial strand, the petiole not only erects itself again subse- 
quently, but it becomes in fact more erect than usual, and the organ operated upon 
retains a certain degree of irritability. If, on the contrary, the parenchyma of the 
lower side is removed, the petiole falls sharply downwards, and the organ operated 
upon exhibits no further irritability. Thus it is the low^er side only wliich is 
irritable, the parenchyma of the upper side being only accessory in the movement. 

If one of the large motile organs is cut aw^ay close to the shoot-axis, 
without being separated from its petiole, it becomes curved as usual, a drop of 
water escaping/roni it at the same time. If it is then split by a longitudinal section 
which divides the axial strand into an upper and a lower half, the former curves 
still more strongly downwards, but the lower one becomes almost straight or 
only a little bent downwards. If, further, the upper and lower parenchyma are 
separated from the axial strand by means of two longitudinal sections, the former 
becomes curved strongly downwards and the latter a little upwards, both 
elongating at the same time, so that they project consideral)ly beyond the axial 
strand. 

These and other experiments show that considerable tension exists between 
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the parenchyma and the axial vascular strand, even in the stimulated organ which 
has lost water, and that the tension in this condition is greater between the paren- 
chyma of the upper side and the strand, than between that of the lotver side and 
the strand. 

If an organ prepared as above and still attached to the petiole is laid in water, 
in order to replace the loss of water consequent on the operation, and thus to 
produce a condition which approaches the normal one, the downward curva- 
ture of the upper half becomes still more pronounced ; but now the lower 
half curves strongly upwards, and its tissue, previously flaccid, becomes very 
tense and almost as hard as cartilage, as , in the other half. This shows that 
the turgescence of the parenchyma of the lower side was more diminished in the 
operation causing the loss of water than that of the upper side, and that by 
the re- absorption of water it increases in a higher degree than that does. In 
other WQi-ds, the irritable lower side gives up its water more easily than the 
upper side, and takes it up again with greater energy; the upper parenchyma is 
always tending to press down the axial strand, while the lower only tends to 
curve it strongly upwards when it is very full of water. The latter is the case 
with the parenchyma, however, only when it . is not irritated ; the stimulation 
consists simply in the strongly turgescent parenchyma of the lower side expelling 
water. 

Lindsay noticed a long time ago that the irritated side of a motile organ 
becomes darker in colour ; Pfeifer fastened the non-irritated petiole so that the 
organ could not become curved on stimulation : on then touching a spot on the 
irritable side he saw a darker colour extend with lightning-like rapidity from that 
spot He concludes from this that the air is driven from the intercellular spaces, 
and replaced by water expelled from the stimulated parenchyma-cells, since the 
darkening only appears to be thus explicable. 

Putting together all that has been mentioned, Pfeifer also eventually comes to 
the conclusion already, arrived at by Dutrochet and myself, that the propagation 
of the stimulation in Mimosa is effected by means of the vascular bundles. . So 
long ago as 1865 Tsupposed the manner of this to be somewhat as follows. The 
water contained in the irritable parenchyma, as well as in the vascular strand and 
in the wood of the shoot-axis, is to be regarded as a continuous mass, which, in 
the non-irritated condition of the plant is ia a state of relative rest; every dis- 
turbance of this equilibrium, every movement of a portion of this water, brings 
about an expulsion of water, chiefly from the lower half of the motile organ, and 
it is obvious that the movement of a leaf must necessarily effect a disturbance of the 
equilibrium mentioned, and even over wide distances, and each organ entering into 
the irritable condition must in its turn at once cause a ne^v disturbance of this 
unstable equilibrium. 

Most of the other leaves which are irritable to shocks and vibrations are far 
less sensitive than those of Mimosa fudica. In the case of the leaves of the 
False Acacia {Mobinia) and of the Wood Sorrel {Oxalis aceiosella) really powerful 
vibrations are needed to produce movements. However, so far as the mechanics 
have been investigated in these cases, they depend in all essential points on 
exactly the same processes as in Mimosa, Among the organs most irritable 
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to contact or shocks are the leaves ol Dionma mtisciptda^ described 

in Lecture XXIV : as there stated, the laminae clap their two halves together 
with lightning-like rapidity when one of the six hairs of the upper side is roughly 
touched. From Batalin's detailed researches^ it may be concluded that in the 
case oi Dionma also it depends essentially upon similar changes in the tissue 
of the mid-rib, and in part of the lamina, as in Mimosa \ but several new points 
with respect to the relative arrangement of the active parts necessarily come in, and 
a lengthy description would be necessary to give the reader a really clear idea 
of the mechanism of the leaves of Dionma. It suffices for the purpose of this book 
to have shown in one example wffiat is most important concerning the phenomena 
of irritability produced by contact and vibration. 

I will here refer to one point only by the way. Burdon- Sanderson, by 
employing the well-known very sensitive electrical apparatus used by animal physio- 
logists for the detection of electrical changes in nerves and muscles, found that, 
on stimulation, electric currents arise in the oi Dionma^ and considering 

the general ignorance which prevails as to botanical matters it can scarcely be 
wondered at if the conclusion was drawn from these observations that something 
of the nature of animal nerves exists in the leaves of Dionma^ as appeared more- 
over to accord excellently with the insectivorous propensities of these plants. Our 
ideas of the irritability of plants, explained with so much trouble and labour, will one 
day be applied to the utterly obscure views as to the so-called negative variation 
in animal nerves. Without entering more in detail into the criticism of the 
matter, it may simply be mentioned that at my suggestion, and in my laboratory, 
Dr. Kunkel^, well versed in the technicalities of electrical investigations, established 
the fact that each movement of the water in the tissues of a plant induces feeble 
electrical currents in it. In the case of a slight bending of a shoot-axis or of 
a leaf-stalk, which must entail movement of the water in the tissues, electrical 
disturbances can at once be detected with delicate instruments. Since now, as 
has been shown above, every movement of irritation of the leaves is connected with 
what amounts to a very considerable displacement of water in the tissues, this 
also must produce electrical disturbances, and conversely, it is also obvious that 
electric disturbances acting from without must act as stimuli to movement. These 
have been longest known in Mimosa. In any case, then, we have no necessity to 
refer to the physiology of nerves in order to obtain greater clearness as to the 
phenomena of irritability in plants ; it will, perhaps, on the contrary eventually result 
that we shall obtain from the processes of irritability in plants data for the explana- 
tion of the physiology of nerves, and this, although it is as yet a very distant hope, 
gives a special attraction to the study of the irritable phenomena of plants. I shall 
therefore invite the reader to consider with me, somewhat in detail, the more im- 
portant phenomena of irritability in the stamens of the Cynarea?. 

The Cynareoe are a subdivision of the great family of Compositre, in which 

^ Batalin, ^ MecJianik der Bewegtmgm der insehtenfressetiden Fkra^ 1S77 (pp. 33, 

&c.), where Drosera and Dionaa are treated with especial care. 

® Kankel, ‘ Ober ekktromotorische IVirhmgen an tmve 7 'lctzie 7 t hhe 7 uh}i rjia7izmi]mien^ in Ar 
des hot. Inst. Wiirzbg./ 1878, B. JI (p. i) ; and further, * Vbcr einige EigenihumUchkcitcn des tkk- 
trischefi LeiHmgsvc 7 ^ 7 nbge 7 is lelmider Pflanzentheiks^ 1879 (ibid., p. 333). 
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more or less numerous small flowers are situated on a common broad floral 
receptacle, surrounded by an involucre of many small leaves : the whole 
impresses the non-botanical observer as a single flower. Those not skilled in 
botanical matters will easily see their way when I add that the common blue 
Corn Flower and its allies {Centaur ea)^ the common Thistle {Car dims) and the 
well-known Artichoke [Cynara), together with many other genera, belong to the 
Cynarese. Each individual floret contained in the flower-head of these plants 
consists of an inferior ovary, from which rises a long narrow flower-tube which 
suddenly opens out above, assuming the form of a bell, the margin of which has five 
spreading teeth. At the place where this widening of the corolla occurs five stamens 
arise, the anthers or pollen-sacs of which are in all Composit;^ so coherent laterally 
that they form a tube, through which the upper part of 
the style projects, arising from the inferior ovary at the 
base of the corolla-tube. 

Now^ the five stamens referred to are the objects with 
which w'e have to do hereh These are fixed by their 
lower ends to the corolla-tube, as shown in Fig. 374, and 
at the upper end to the tube formed by the anthers. 

Left to themselves, and before the emptying of the pollen 
from the anthers, the five stamens are strongly curved 
convexly outw^ards. If one of them is touched, as with 
the point of a blunt needle, it extends itself straight, 
i. e. it becomes proportionally shorter; it may then 
happen that, in consequence of the curvature experienced 
by the style passing between the stamens, the other 
stamens also become dragged or pressed on to the corolla- 
tube, and this acts on them as a stimulus, whence they jacea freed by removal of the corona. 

. , , , , , St \ii j 1 * ^ in the non-irritated, ^ in the con* 

also contract, and the anther-tube with the style going tracted .state (magnified), c corona, 
through it becomes curved towards the other side again, into a tube style. 

The whole sexual apparatus of such a tubular flower may 
thus be put into a condition of pendulous movement to and fro. 

For the purpose of more exact studies it is well to take single florets out of the 
capitulum, and to cut away the corolla down to the origin of the filaments, or 
to cut across the corolla-tube, stamens and style, above the insertion of the 
filaments, and fix the freed sexual apparatus in damp air by means of a needle. 
When the filaments have recovered from the stimulation due to the operation, they 
stand sufficiently convex outwards — concave towards the style — for free movement. 
The filaments are not round : the radial diameter (with reference to the flower) is 
considerably smaller than the tangential one. Each consists of an envelope of 
3-4 layers of long, cylindrical parenchyma cells, separated by thin straight trans- 
verse walls, and surrounded by a layer of similarly shaped epidermis-cells (with 
a strong cuticle), which in m^any places grow out into hairs, each of which is 


^ As to the stamens of the Cynareae, the reader may compare, in addition to Pfeffer’s work 
already quoted, Franz Unger, ‘ liber die Struktur einiger reizharen Pflanzentheile^ Bot. Zeit., 1872 
(p. 113). 
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•divided by a longitudinal wall. Between the parenchyma-cells lie spacious inter- 
cellular passages ; the centre of the parenchyma is traversed by a delicate fibro- 
vascular strand, which, like the epidermis, is strongly extended by the turgescent 
parenehyma. 

If in the first-named preparation one of the filaments, curved convexly outwards 
and fastened to the corolla below and to the anther-tube above, is touched, it becomes 
straight and thus shorter, and applied to the style; if this happens with all the 
filaments, their shortening is rendered noticeable by the downward withdrawal of the 
anther-tube. After a few minutes the filaments again elongate, becoming arched 
convexly outwards, and are then again irritable. If the second kind of preparation 
is employed, where the filaments are cut off and freely movable below, it is easy to 
convince one’s self that every time they are touched a rapid movement follows : if 
the outside is touched this becomes first concave and then convex, if the inside is 
touched this becomes concave and ’then occasionally likewise convex. The shorten- 
ing of the irritated filament begins, at the moment of contact, and soon reaches its 
maximum, whereupon the elongation begins again at once, and this proceeds 
rapidly at first and then more slowly. 

As to the mechanics of these movements, we have an investigation of Pfeffer's 
in which the filaments of Cynara Scoly 7 nti^ and Ceniatirea jacea were chiefly employed. 
The following embraces the more important results. 

The filamenls of the species mentioned are 4-6 mm. long : the tangential 
diameter of those of the Artichoke [Cynard) is about o*42 mm., the radial diameter 
0*2 mm.; in Ceniaurea about 0*24 and 0*14 mm. The axial vascular bundle is thin 
and delicate, the irritable parenchyma-cells dn Cyftara 2-3 times, in Ceniaurea 4-6 
times as long as broad. Their transverse walls are at right-angles to the longitudinal 
axis: all the cell-walls, even those of the strand, are thin, only the outer walls of the 
epidermis being thickened to any considerable extent. The very abundant ceil-sap 
of the parenchyma-cells is surrounded by peripheral protoplasm, which is relatively 
abundant, and in which lies a nucleus ; the protoplasm exhibits rotation. In the cell- 
sap a little tannin and a good deal of glucose are dissolved. 

The filaments are irritable along their whole length, i. e. they can shorten them- 
selves in consequence of contact anywhere. By means of special apparatus Pfefler 
succeeded in measuring the shortening under powers of 100 or 200 diameters. The 
shortening may amount to 8-22 % length in the non -irritated condition, -a 

thickening of the filament occurring at the same time, which is, however, far too 
slight to correlate the shortening with mere change of form; it points rather to a 
very considerable diminution in volume. This decrease in volume is due to the 
escape of water from the cells into the intercellular spaces; it wells forth from these 
spaces on transverse sections of the filament just as in the organs of the Mimosas, as 
Pfeffer directly observed. If the intercellular spaces are filled with water b}- injec- 
tion, the filaments are still irritable, and the expulsion of water at the transver.-e 
section in consequence of a stimulus is then still more evident. 

The filaments are very extensible and at the same time perfectlv elastic: they 
may be stretched to double their length, and yet they will contract again to their 
original dimensions. 

In the irritable condition the axial strand and the epidermis are strongly 
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extended by the turgescent parenchyma, and even in the irritated state after the 
contraction there still exists a similar though much feebler tension. 

Having now made ourselves acquainted with the facts of the movements due to 
irritation so far as is accessible to direct observation^ the question arises, in what does 
the eftect of stimulation essentially consist ? As in the previous lecture, where we 
were concerned with the stimulus of light, so also here we must again keep in view 
as the chief point, that the irritable organ, or we may say each of its irritable ceils, is 
turgescent in a high degree, and that in consequence of a touch or shake this turge- 
scence is suddenly diminished, producing a sudden escape of water from the interior 
of the cells. 1 he question thus resolves itself into the following : — How is the 
sudden expulsion of water from the cells produced in consequence of a stimulus ? 

According to all that we know as to the condition of turgescent cells, from 
De Vries' researches on plasmolysis, Pfeifer's descriptions, and my own con- 
siderations and experiments, it can scarcely be doubted that the cellulose walls 
themselves are always in a high degree permeable to water, and that the con- 
dition of turgescence of the cells depends upon the protoplasmic utricle opposing 
the expulsion of the endosmotically absorbed water even under high pressure. 
A sudden escape of water from turgescent cells can thus be rendered possible only 
by this property of the protoplasmic utricle undergoing some change, or, in other 
\vords, by the hitherto non-permeable protoplasm becoming permeable in conse- 
quence of the stimulus, and thus letting water escape. 

It must at the same time be added that we can at present form no idea why 
this, change in the protoplasm occurs in consequence of a stimulus, and with what 
molecular changes it is connected ; it must suffice for us meanwhile to know that 
the externally perceptible effects of stimulations so far described are caused by the 
change referred to in the protoplasm itself, and the question now is how the 
mechanics of movements due to irritation are to be understood from this. 

It is to be , observed, in the first place, that the escape of the water from the 
tissues is connected with a proportional diminution of their volume. It follows,, 
thence that the cellulose walls themselves must contract in the . movement : in 
proportion as the water at a high pressure in the cells filters out through the 
irritated and therefore permeable protoplasmic utricle, it penetrates to the exterior 
also through the cellulose walls, and these then contract elastically, whence follow 
directly the movements described above. 

It will be noticed that in this mechanism the extensibility of the cellulose walls 
plays an important part : true, neither the extensibility nor the elasticity of the cellu- 
lose walls is altered directly by the influence of the stimulus, though both properties 
are probably put in action. In order that a movement of the organ may come 
to pass in consequence of the movement of the protoplasm, the cells concerned 
must in the resting condition be strongly distended by turgescence, so that, when 
the protoplasm suddenly becomes permeable, they can contract to a corresponding 
extent, since only by this means is the movement itself called forth in consequence 
of the stimulus. 

We might even suppose that the protoplasm forming a closed sac on the interior 
of the cellulose wall, allows water lo filter out in consequence of a stimulation, 
and that, at the same time, it undergoes xontraction, as occurs in the plasmolysis of 
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ordinaiy non-irritable c where the previously slightly extended cellulose wall 
contracts, but not to the same degree, so that between it and the contracted proto- 
plasmic utricle there arises an interspace filled with Water, as in Fig. 189, If we 
now suppose that the alteration of the protoplasmic utricle just mentioned actually 
occurs, in consequence of a touch, shake, sudden illumination, electrical disturbance, 
or any other stimulus, but that the corresponding contraction of the rigid cell-walls 
does not occur, then no . movement of the organ would be perceived externally, 
although the protoplasmic utricles had been irritated and had, in fact, reacted to 
the stimulus. We see thence that in the case of the irritable organs of plants two 
essentially distinct points come into consideration; on the one hand the action of the 
stimulus on the protoplasm, and on the other the extensibility and elasticity of the 
cellulose wall Nature herself presents us with examples of the case here only 
assumed for purposes of illustration. In Spirogyra (Fig. 223, p. 314) the protoplasmic 
utricle which was hitherto closely applied to the cell- wall contracts, for the purpose 
of subsequent conjugation, into a rounded vesicle, and this is evidently only possible 
by the water of the cell-sap escaping out through its substance. The protoplasm, 
however, separates from the cell- wall in the process, as in a plasmolysed paren- 
chynia-cen (Fig. 189), because the cell- wail itself was only slightly extended pre- 
viously, and accordingly only suffered a slight contraction. If the cellulose ■wall of 
such a cell had been previously much distended, and if then the proto- 

plasmic utricle became contracted, water being expelled, the cellulose wall would 
also contract and the entire cell would act like an irritable organ. Evidently we 
might suppose the tissue of an irritable organ of Mimosa^ or of a stamen of 
Cynara, composed of cells resembling those in and then the conse- 

quence of a stimulus would be that their protoplasmic utricles would contract, but 
the cellulose walls w'ould remain unaltered, and we should perceive no external 
movement Indeed it is not at all improbable, that such processes actually occur 
in the ordinary apparently noii-irritable parenchyma of plants, since we know% 
as a matter of fact, that in many Algse, hairs, See., the protoplasm becomes con- 
tracted by mere pressure from without, the celi-wail not contracting to the same 
extent. 

In conclusion I will mention, simply in passing, the irritable stamens of the 
genus Berberis. These, six in number, stand in a circle around the central ovar}^ 
and in the opened flow^ers are thrown radially outwards. A slight touch on the inner 
side causes the filament to dart suddenly inwards, so that the anther comes to lie on 
the stigma. If an electric current, generated by numerous small elements, is con- 
ducted through the flow-er in such a way that it runs longitudinally through the 
pedicel and ovary to the stigma, or takes the reverse direction, the following remark- 
able phenomenon is observed: each time the current runs from the stigma to the 
pedicel a stimulation of all the stamens follows, while a current in the reverse 
direction causes no stimulation. I discovered this fact so long ago as 1878, but have 
not had an opportunity since of pursuing it further; it would certainly be not 
uninteresting to know, whether a similar phenomenon occurs in other irritable organs 
also. 

- 1 he irritable stamens of Berberis differ as to their mechanism from those of the 

Cynarese considerably, above ail in that they are irritable only on the inside and not on 


the outside. It appears more important, however, that the irritable parenchyma 
contains no intercellular spaces; the cells, which are moreover thin- walled, have 
abundance of so-called intercellular substance between them, which has the property 
of swelling- up. A touch on the inside of the filament causes it to curve along its 
whole length, and Pfeffer succeeded in showing here also that if the filament is cut 
across, stimulation causes an expulsion of w^ater to take place at the cut surface. 

The point around w^hich physiological interest centres in the phenomena of 
irritability so far described, exists of course in the recognition of the internal processes 
causing them, and which w’'e have been able to trace back to the protoplasm, so that, 
in fact, w-e perceived that it is the protoplasm w^hich is properly irritable, whereas the 
external effect, the irritable movement itself, depends chiefly upon the extensibility and 
elasticity of the cellulose walls. But the question as to the uses which the plants 
referred to derive from these remarkable adaptations, leads us in an entirely different 
direction of physiological investigation. With respect to Dmicea ?nuscipulayKTi& the 
obviously very different adaptations in Drosera^ the statements in Lecture XXIV 
may be referred to ; it was there pointed out that the very complicated effects 
of stimulation in these plants seem nevertheless to exercise only a somewhat in- 
significant effect on their total nutrition. It is probably otherwise in the case of 
irritable stamens, the movements of which are evidently calculated to be started 
by insects visiting the flowers for the sake of the honey, whence, in accordance with 
the other mechanisms of the flower in each case, the pollen from the anthers has 
a chance of sticking to the body of the insect, to be rubbed off subsequently on 
the stigma of another flower. Irritability here therefore occurs in the service of 
reproduction, while in other flowers other adaptations serve the same purpose. 

So far as I am aware, no one has as yet attempted an explanation of the use of 
the irritability of the leaves of Mimosa \ but I believe that I am able to afford one. 
For I have often had opportunities of observing that after a severe hail-storm, when 
plants of the most various kinds, and even robust plants, close to my Mimosas 
before the window or in the open, have been dashed and broken by the 
hail-stones, the Mimosas, in spite of their delicate structure, have come out quite 
uninjured; a few minutes after the rough weather they expanded their leaves again 
entirely unhurt. The matter is easily explained.’ The blows of the first drops 
of rain or of a single hail-stone cause all the leaves of the Mimosa to pass into the 
irritated condition, the primary stalks to hang dowm limp, and the double rows of 
leaflets to close together like clasp-knives ; the now limp and pendent leaves may be 
struck even by large hail-stones without taking harm, because they yield to the blows 
like pendent threads, whereas stiff leaves are pierced or their turgescent stalks bruised 
simply because they resist. This action is, so far as the lamina are concerned, 
promoted to the utmost by the fact that the folded secondary petioles and leaflets 
can only be struck by a hail-stone in a particularly unfortunate case. Just as against 
hail, this behaviour (reminding us of the contraction of many animals when danger 
threatens) may also probably be of use on other occasions, as, for instance, when 
large animals invade the place where Mimosas grow, where at the same time the 
very strong prickles to the right and left of each leaf-base are of service; both 
arrangements must also render it difficult and distasteful for phytophagous animals 
to eat the foliage of the Mimosae. A more exact insight into the matter is of course 
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only to be obtainec! in tHe original home of these plants by careful bbservation of 
their relations with the external world. Of course the irritability of the foliage leaves 
in the cases indicated can only be of use if they are sensitive in a high degree; it 
would be very difficult to detect any such use in the slightly irritable foliage leaves of 
our Wood Sorrel, Robmia^ and several other plants, wdiich only fold up slowly when 
sharply struck or shaken. 
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THE REVOLVING OF TENDRILS AND TWINING PLANTS. 

The great majority of siib-a&ial leafy shoots are enabled, by means of their 
rigidity and geotropism, to maintain themselves erect so as to spread their organs 
of assimilation to the light, to render their flowers visible to the insects which 
pollinate them, and to mature their fruits and seeds in the air so that they can be 
easily detached from the parent plant and disseminated by the wind or by animals. 

In very many other plants, on the contrary, the long shoot-axes are too 
slender and too flexible to be able to maintain themselves in this upright position 
beneath the -weight of the organs which they support, although as a rule the 
above advantages accrue to them in proportion to the elevation they attain. They 
ascend, however, by quite other means — not by simply growing erect, but by 
climbing. 

The climbing plants, again, differ in their habit of life, and in their modes 
of climbing. The Blackberry, for example, and the Rattan- or Cane-palms {^Calanms) 
(with stems about as thick as the Anger and sometimes loo m. long), fling, 
so to speak, their long shoots on the jungle and on the branches of trees, 
and hang there by means of their hooks. Much more completely organised, 
as climbing plants, are the Ivy and others. The long thin shoot-axes of the Ivy 
apply themselves closely to a wall, the ’stem of a tree, or a rock, &c., and then grow 
perfectly erect, or, in the case of lateral shoots, obliquely, on the surface of 
these supports, and Ax themselves by means of numerous small attaching roots 
to the vertical surfaces on which they are climbing. 

Twining plants are adapted for climbing in an entirely different manner. 
In these, e. g. the common Hop, species of Bindweed {Convolvulus), Sic., the axis, 
of the leaf-shoot, which is at least at Arst thin and flexible, twines itself 
around a body which stands vertical or obliquely upright, and is usually thin, 
such as the trunk of one of the more slender trees, a branch of a shrub, or, in the 
case of smaller twining plants, such as the common Corn-bind, around the haulms of 
ordinary grasses, the erect flower-stalks of meadow plants, &:c. But it is the tendril- 
plants which are to be looked upon as the most perfect of all climbing plants, having 
special organs exclusively adapted for climbing, Moreover, their peculiarities are 
better known than those of any other climbing plants, and they may therefore be first 
taken into consideration. 

[3] 
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Departing from the eveiy-day terminology which often designates as tendrils 
long shoots like that of the Ivy, botanists understand by this term thin, long* 
filiform organs, which when typically developed are distinguished by being in a 

high degree irritable, especially to continued contact with a solid body. By 

means of this property tendrils are enabled to twine closely round a thin rod, 

the stem or haulm of another plant, or the branch of a woody shrub, &c., 

much as a cord or thin wire may be wound round a pencil, and thus bind 
themselves fast ; and, since numerous tendrils on any shoot act in the same way, 
they fasten the latter to foreign bodies and enable it to climb upwards. The shoot- 
axis is entirely passive in this process; a tendril-plant climbs somewhat in the 
same way as a gymnast who, without using his feet, hangs by means of his hands 
and climbs up the steps of a ladder or the branches of a tree, only of course 
with the great difference, that each tendril when it has once established a hold- 
fast remains where it is, new grasping organs being continually developed at the 
apical portion of the climbing shoot, to seize hold of steps situated higher and 
higher (Fig. 375). 

We may regard as the most perfectly organised of all tendril-plants the com- 
mon Vine and the whole of the family to which it belongs, as well as the Gourd and 
its allies the Cucurbitaceae, and the Passifloraceae. 

On examining a Vine there are found opposite many but not all the leaves, and 
springing from the shoot-axis, the dichotomously branched tendrils, which are often 
20-30 cm. long and 2-3 mm. thick ; these twine and make themselves fast round 
any body with which they come in contact, even the foliage-leaves of their own 
shoot. The tendrils of the Grape Vine ai*e, like those of the Wild Vine {Ampelopsis 
hederaced)^ practically metamorphosed shoots, for they possess a minute leaflet at 
the base of each of their branches. They are, moreover, also remarkable 
in that they arise not from the axils of the leaves, but from the side of the 
shoot-axis exactly opposite the leaf, a fact which German morphologists have 
created unnecessary trouble about because it does not accord with the so- 
called principle of axillary branching. But it is a physiologically remarkable 
fact that between the tendrils and the inflorescences of the Grape Vine and its 
allies, every stage of transitional structure occurs. It is only necessary to investigate 
a few dozen Vines to find tendrils which, while maintaining the tendril character 
completely in other respects, bear one or two flowers on individual branches ; 
in others a portion of the tendril is converted into a small bunch of grapes, near 
which one or two filamentous tendrils still remain ; in other specimens, again, all 
degrees of metamorphosis to completely developed bunches of grapes are to be 
detected. It may thus be said that the tendrils of the Vine and its allies are inflores- 
cences which have remained more or less, or it may be entirely barren, and have 
assumed the properties of climbing organs; and the same may be said of the 
Passiflorse and several less well-known plants {Ca?-diospermu??i), The tendrils of 
plants of the Gourd family spring from the shoot-axis to the right or left close to the 
petioles, and are distinguished in the Gourd itself, the Bottle Gourd {Lagemria), and 
in Stcyos and Bryonia (the White Briony), and others by their enormous length — ■ 
occasionally 30 or even 40 cm. — and tenuity. Both peculiarities render them ex- 
tremely effective climbing organs. They differ from the tendrils of other plants still 
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more by the fact that when they are young and first project from the leaf-bud of the 
shoot, they are closely roiled together in the form of a helix, and this in such a way 
that their outer side is convex; only on further development does the helix uncoil 
itself, progressively upwards from the lower part of the tendril, until it is approxi- 
mately straight along its whole length. The tendrils of other plants are more or less 
straight from the beginning — i.e. they are not coiled up. 



j? a dry twig serving as a support. 

In the examples quoted we have true typical tendrils. In other cases, however, 
it is peculiarly developed parts of leaves, specially endowed with irritability and 
more or less filiform and sensitive to contact, which assume the chief properties of 
tendrils. In many species of Clematis y ’m. the Indian Cress [Tt'opmlum], Afaurandia, 
Lophosperniumj Solatium jasminoideSj &c,, the petiole itself acts as a tendril, as shown 
in Fig. 376; in the common Fumitory {Fumaria officinalis) and the allied Coiydalis 
clavicidata^ the whole of a leaf is branched into fine slender filaments, and is irritable 
to contact and able to twine its separate parts round thin bodies. In the case 
of Gloriosa Blandii and Flagellaria hidica the midrib projects beyond the apex of 
the broad simple lamina and serves as a tendril; and similarly with the Pitcher-plants 
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{Nepenthes), where, however, the ‘ pitcher ^ already described (Fig. 247, p. 379) only 
arises at the tip of the tendril after the latter has wound itself round a support. 
In many BignomdiS, Cohesa scandeits, the common Pea, and its allies the Vetches, <fec., 
the anterior portion of the pinnate leaf becomes transformed into very thin, filiform, 
and (in the first-mentioned plants) much- branched tendrils; and in Lathyrus aphaca 
indeed the whole leaf is replaced by a tendril. 

These tendril-plants, of which Hugo von Mohl (1827) already knew 465 species, 
but the number of which is certainly far larger, occur for the most part among 
Monocotyledons and Dicotyledons, although several Cryptogams are possessed of 
similar organs. They are met with, however, in most abundance among the Dicotyle- 
dons, where in fact the distribution of physiological labour in general attains the 
highest development. The formation of tendrils is, as a rule, by no means to be found 
in all the members of a group in which it occurs. In the Cucurbitaceae, Ampelide^e (the 

Vine and its allies), and the Passifiorae this is of 
course the case; but elsewhere it is usually only 
individual genera of a family, or individual species 
of a genus, which form tendrils. And this, 
moreover, is true of all climbing plants. Among 
the allies of the Ivy, it is this plant only 
which climbs in its peculiar way, and that the 
same is the case with twining plants is shown 
by the very close relationship bet\veen the Hop 
and the Hemp — the former being a typical 
twining plant, the latter a stiff, upright, and any- 
thing but a climbing species. Just as in the case 
of the climbing species, also, the other physio- 
logical properties are independent of the sys- 
tematic relationship ; in the genus Rammculus, 
for example, we find submerged or floating 
aquatic plants, as wxll as marsh and terrestrial plants; among the Orchidese 
ordinary land-plants with or without chlorophyll, and in the tropics epiphytes 
living on trees, and the aerial roots of which serve as organs of attachment. 
These may suffice to show the reader by the way how independent the systematic 
or phylogenetic relationship of the physiological adaptations may be, and con- 
versely. We may now return to the exclusively physiological consideration of the 
tendril-plants. 

The distinctive properties of tendrils are the more pronounced the more ex- 
clusively they serve the one purpose of organs of attachment for climbing, and 
therefore the less they partake of the nature of leaves or parts of stems in other 
respects — in a word, the more completely the metamorphosis is accomplished. 
Among these are especially to be noticed the simple or branched filiform tendrils 
of the Cucurbitacese, Ampelideje and Passiflorse. One of these typically developed 
tendrils is shown at Fig, 375^2: in the mature state, after it has embraced a support 
with its apical part and then become rolled up. What is here stated applies 
particularly to such true tendrils. 

The characteristic properties of tendrils become developed when they have com- 



Fig, '^'}t.-—Trof>sohivt mintis. The Ions’ petiole 
a a a of the leaf I is sensitive to continued contact, 
and has coiled itself round the support and round its 
own stein Ji* so that the latter is fixed firmly to the 
former, 'z is the axillary bud of the leaf. 
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pletely emerged from the bud state, and have reached about three-fourths of their 
definitive size ; in this condition they are extended straight, and the apex of the 
shoot which bears them usually makes revolving nutations. The tendril itself 
also exhibits the same phenomenon, becoming curved along its whole length 
(usually with the exception of the rigid basal portion and the hooked apex), in 
such a manner that the upper side, the right, the lower, and the left side become 
convex in turn ; no torsions make their appearance. Duzing this revolving nutation 
the tendril is rapidly growing in length and is irritable to contact ; i. e. every 
moi*e or less pronounced touch on the irritable side eifects a concave curvatui'e 
at the spot touched, and this curvatuie then extends further up and down. If 
the contact is transitory, the tendril subsequently straightens out again. The 
degree of irritability^ is very different according to the species : in Fassiflor a 
gracilis a pressure of one milligram suffices to effect the curvature in a short time 
(25 seconds) ,* with others a piessure of 3 or 4 milligi’ams is necessary, and the curva- 
ture occupies a longer time (after 30 seconds with Sicyos\ The tendrils of other 
species become curved within a few minutes after being rubbed slightly at one spot ; 
in Dicentra thalictrifolia after half an hour, in Sinilax not till after more than an hour; 
in Ampelopsis still more slowly. The curvature on the touched side increases for 
some time, then stops, and then after some time (often several hours) the tendril 
again becomes straightened, in wffiich condition it is again iiTitable. Tendrils the 
apices of which are slightly incurved are only irritable on the concave lower side ; 


^ The following publications treat of both tendril-plants and twining-plants *. — 

Hugo Mohl : * Dber den Ban und das Winden der Ranhen und SchHngenpdanzenl Tiibingen, 
1837. 

Charles Darwin : ^ The Movements and Habits of Climbing Plants * ‘LonAoUf 1875. 

On the iiTitability and movements of tendrils the following may be consulted : — 

Hugo de Vries: ^ Ldngenwachsthmn der Ober- und Unferseite sich kriinwiender Rankeni 
Arb. d. hot. Inst in Wzbg,, B. I, p. 302. 

*■ Uber die inneren Vorgdnge bei den Wachsthnnukrummungen mehrzellige Organel Bot. Zeitg., 
1879, p. 830.' , 

Casimir de Candolle ; ^ Obsej'vations snr Veitroulement des Vrillesl Bibliotheque universelle 
de Geneve, Jan., 1877, T. LVIII. 

Treub describes {A^in, du Jardin hotaniqne de Buitenzorg^ vol. iii, pp. 1-87, Leiden, 1882) a new 
class of climbing plants, the climbing organs of which are in effect very short, curved, hook-like 
tendrils, which on contact with a support grow in thickness to an unusual extent. 

On twining plants the following may be consulted : — 

Hugo de Vries: ^ Ziir Mechanik der Bewegnng von Schlingpjla^tzeni Arb. d, bot Inst, zu 
Wiirzbg., B. I, 1874, p. 317. 

Schwendener: ^ Uber das Winden der Iflanzen,* Monatsber. der Berliner Akad., Dec., 1S81. 

In opposition to the latter treatise, which depends on very scanty observations, I wrote a note 
It Notiz ilber Schlingpjianzen') in Arb- d. bot. Inst, zu Wzbg., B. II, p. 719. 

Schwendener’s reply to this note (Jahrb. f. wiss. Bot., B. XIII, H. 2) leaves no doubt that he 
was entirely unacquainted with the most important phenomena described in the present lecture, and 
in my note referred to, whence his reply is completely without object. I believe that in this 
lecture that, without setting up any theoiy, I have indicated the path aloUg which the true cause of 
twining is to be found ; in the case of phenomena so involved it is above all impoitant to test the 
scientific weight of the individual observations, and little is won by making a few observations on 
one or several plants and seeking to give to these a particularly important look by means of mathe- 
tical formula:. 
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Others, as those of Co^csa and Czssm discolor zre so on all sides; in Mtiiisia cleinatis 
the lower side and flanks are irritable, the upper side not so. 

While in the condition of revolving nutation and irritability, the tendrils attain 
their complete length in a few days ; the revolutions cease, the irritability disappears, 
and, according to the species in each case, further changes now take place. In some, 
the fully developed tendrils become immovable, remain straight, decay, and 

fall off— e. g. the Bignonias, Vitis^ Ampelopsis, More frequently it happens that 

the tendril on the cessation of growth in length becomes slowly rolled up with the 
lower side concave, commencing at the tip and proceeding to the base, so that 
it at length forms a helix (Cardiospermum^ Midism), commonly a spiral narrowed 
upwards into a cone (Ifke a cork-screw), in which condition it thei^ dries up (Cucur- 
bitacese, Passiflorae, &€.). 

These processes, however, are to be regarded as abnormal, in as far as the 
tendrils have in these cases failed to attain their object, which consists in their 
coming into contact with a support by means of their revolving nutation during the 
irritable stage and while they are still growing; if this happens on the irritable side 

curvature results at the point of contact, and this extends also to the neighbouring 

untouched parts of the tendril, so that after a short time — a few minutes or hours 
according to circumstances in each case, a coil is produced. This coil, however, 
is by no means closely applied to the support if it is very thin, but touches it 
only at one point of the concavity. The continued contact at this point, however, 
increases the irritable action more and more, and the coil becomes closer, until 
it has adapted itself to the support along a complete turn. By this means of 
course the contact-irritation is simply increased still more, and the free end of 
the tendril becomes curved still more and goes on closing gradually in new coils 
around the support, until even the extreme tip applies itself closely to it. The nearer 
the place first touched lies to the base of the tendril, the more numerous the coils 
around the support and the firmer the holdfast ; nevertheless even a few coils around 
the support with the end of the tendril suffice to fix this latter very firmly. 

Those parts of the tendril which are between its base and the point where it is 
fixed are obviously not able to coil themselves around the support, although the 
stimulus which causes the curvature is propagated to this region ; the effect of the 
stiniulus is simply that the portion of the tendril lying between the fixed point and the 
rigid base becomes coiled in the form of a cork-screw, often with very numerous 
coils. This coiling is essentially the same as that wdiich occurs in most of the 
tendrils which have matured without meeting with a support ; but it differs in two 
respects from that spontaneous coiling. In the first place it always occurs, simply 
in consequence of the stimulus in all the tendrils which have become attached to 
a support, and not only in some ; further, in that it takes place after a short lime 
(several hours or a day after the seizure of the support), during a period when the 
tendril is still perfectly irritable, and rapidly growing in length, whereas the spon- 
taneous coiling up takes place when growth and irritability have ceased, ]\fore- 
over, the spiral coiling consequent on the stimulus of contact follows much more 
rapidly than the spontaneous one. Both are easily seen on the same shoot, where 
it is possible to find older tendrils which are not fixed and still straight, and younger 
ones fixed and already coiled up. This coiling up of tendrils fixed to supports 
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is thus, in the same sense as the twining round the support itself, an effect of 
irritability, and it is only the mechanical impossibility of its twining round the 
support which impels the part of the tendril between the support and the base 
to coil up in this peculiar way. Like the curvature of a long piece of tendril 
ill consequence of contact at a single poini:, this spiral incoiling also is a proof 
that the local stimulus is propagated along the tendril for a considerable distance, 
down to the rigid basal portion. The after- 
elfect of the stimulus is not ended even 
with these processes, however ; for tendrils 
fixed to a support subsequently grow in 
thickness, often even very strongly, they 
lignify, become solid, and are endowed with 
longer vitality than those tendrils which have 
failed in their purpose. This long continued 
after-effect is very striking in the case of the 
petioles wLich act as tendrils in Solanum jas- 
minoides ; the petiole, when it has twined round 
the support, swells up to 3-4 times its former 
thickness. This effect is less marked in the 
case of the tendrils of the Vine, though it 
happens not seldom that some weeks after 
the fixing of the tendrils the part closely 
applied to the support becomes considerably 
thicker than the parts not in contact. The 
most conspicuous example of such cases, 
however, is afforded by the tendrils of the 
so-called Wild Vine (Virginian Creeper); if 
these fail to attain their object they dry 
up completely and fall off, whereas the 
fixed tendrils become thicker, lignify, and 
after they have perished serve for years to 
fix the shoots to their supports. In many 
other tendrils, it is true, there is very little of 

this after-effect to note, but it must be added FIG. 377.— White Bryony {Bryonia dioicct). B a portion 

, , . r T X j *1 X of the shoot-axis from which, dose to the petiole and the 

that the activity Ot the tendrils promotes bud ^ 5 , the tendril arises. The lower piece of the ten- 

- - n 1 • 11 r 1 "°^ tendriWike) ; its upper portion x has 

the growth and well - being, and therefore become Cdled round a branch. The long- middle portion 

, 7i/-\ li*x of the tendril between the rig:id base and the fixed point 

afteCtS the whole 01 the plant. On cultivat- .v has become coUed up into a spiral, thus raising the stem 
. , ,, , k , r B. w and tu' points where the direction of the coils is 

mg tendril-plants m the open for many years reversed, 
one cannot fail to perceive that those speci- 
mens which are afforded the opportunity of fixing themselves to bushes, cords, 
wires, &c., by many tendrils, grow and thrive much more vigorously than such as 
have to clamber up unsuitable supports and are fixed by few tendrils only 

The coiling up of the fixed tendrils differs again by another peculiarity from 
that of those which are coiled up , spontaneously ; for in the latter all the coils 
of the spiral run evenly in one direction, whereas in the turns of the spiral of a tendril 
fixed to a support there are points where the direction is reversed (Fig. 337 %v, tv'), 




LECTURE XXXVIII, 


664 

between each two of which there always lie a number of turns in the same direction, 
which is opposite to that of .those between the next such points. In long closely- 
wound tendrils there are often five or six such points of reversal Darwin has 
already pointed out that this is not a peculiarity confined to tendrils, and still less 
a specific consequence of the stimulus ; on the contrary, the occurrence of points 
of reversal is a mechanical necessity. If a body which tends to coil up is fixed 

at both ends so that neither end can twist round, coils in opposite directions must 

of necessity occur, 4 n order to compensate for the torsion inseparable from the 
coiling up. This behaviour of fixed tendrife can be imitated by cementing a narrow 
stretched strip of caoutchouc on to one which is not stretched; on releasing the 
former, it contracts and forms the inner side of a spiral, the outer side of wbich 
is constituted by the strip which was not stretched. On now seizing both ends 
and extending the double strip straight out, and then again bringing the two 

ends closer together, spiral turns will be produced to the right and to the left, 

as in a tendril which is fixed. If one end is set free, the strip will twist up and 
become coiled into a spiral 

Since all the movements of tendrils here mentioned result from growth, 
they only take place when the external conditions are favourable for growth, and the 
more energetically the more favourable the conditions are— that is when nutrition is 
active, the temperature high, and the plant abundantly provided with sap, caused 
by an abundant supply of water w^hen the loss by transpiration is small Given 
these conditions, tendrils can, as I have shown, carry on their nutation and 
irritable movements, wind around supports and become coiled up, even in the 
dark (e. g. plants of Ciicurhiia Pepo, growing with the apical portions in a 
dark vessel, and nourished by green leaves exposed to the light). 

As regards the mechanism of the irritable curvatures induced by contact (the 
twining and coiling up of attached tendrils), as well as the coiling up of free tendrils, 
there can be no doubt that it depends upon the process of growth in length 
and its modification due to transverse pressure on the side which is growing more 
feebly. Tendrils are irritable to contact or pressure only so long as they are 
growing in length; a passing curvature due to irritation may, it is true, be equi- 
librated again during growth, just as for example the passive curvature of growing 
shoots caused by vibration. If the stimulus at the support continues for a 
Ipnger time, however, and the tendril twines round it, the difference in length 
of the convex and concave sides becomes permanent, and can no more be com- 
pensated. The cells of the convex side are proportionally longer than those of 
the concave side (just as in roots which have curved downwards, and the nodes 
of Grasses winch have curved upw^ards) ; in the case of thick tendrils wound round 
their supports the difference in length is so striking, that it is at once detected by 
the eye, without measurement, as I have convinced myself in various cases. Recent 
experiments by De Vries, who marked tendrils which were still straight with cross 
divisions, and measured them after they had twined or coiled up, have shown that 
the growth of the convex side is more pronounced and that of the concave side 
less so, than is the case with regions on the same tendril which remain straight 
above and below-' the curved portion. A tendril of Cumrhiia Pepo, for example, 
had coiled round a support 1-2 mm. thick; after the completion of the curvature 
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the inerement on the curved portion for each mm. of the original length amounted 
to 1-4 mm. on the convex side, but only o-i mm. on the concave side. The 
mean increment on the portion which remained straight on both sides amounted 
to 0-2 mm. If the growth of the whole tendril at the time of contact with a 
support is but small,, a considerable increase of growth in length is found to 
occur on the convex side; but on the concave side there is generally no elongation 
at all, or there may be even a contraction ; in the case of a tendril of the Gourd this 
shortening amounted to almost a third of the original length. 

Similar alterations in the length of the convex and concave sides are to be 
observed in the spontaneous coiling up of tendrils, as well as in the coiled up 
portions lying between the support and the base of attached tendrils; since in 
these cases the growi;h of the w^hole tendril is usually slight shortly before, the 
contraction of the concave side is also a very general phenomenon. (De Vries.) 

The 'svhole of these phenomena and others not here described lead to the 
conclusion that the growth in length of the untouched side is increased by the 
pressure of the support ; this forces over the side which is in contact, and in the 
curvature which now follows the concave side is compressed and retarded in growth, 
or even shortened. It seems to me probable that at the same time a relaxation 
of the parenchyma of the touched side (due to its giving off water to the parenchyma 
of the upper side), and a corresponding elastic contraction of its cell-walls co-operate 
here; at least, in the case of tendrils which are growing slowly, the shortening 
of the side which is in contact appears explicable in no other way. But how^ the 
slight pressure of a light thread or the pressure of the nutating tendril on a support 
effects these alterations in the growth, not only at the parts in contact but along the 
whole tendril, remains for the time being entirely unknown. 

The spontaneous coiling up of tendrils which are not fixed to supports is 
probably only due to the fact that the upper side goes on elongating for some time 
after the low’^er side has already ceased to grow; the cells of the growing upper side 
probably withdraw a portion of their water from those of the lower side (as the inner 
layers of pith do from the outer layers, cf. p. 573), whence the latter become shorter, 
while the former elongate. 

According to later investigations by Pe Vries, the first directly perceptible effect 
of a stimulus consists in the increase of turgescence on the free untouched upper side 
of the tendril, and it is directly in consequence of this that the growth also of this 
side is accelerated. 

The real problem here again, therefore, as in the case of the motile organs 
of leaves sensitive to light and contact, is why the conditions of turgescence 
on opposite sides of the organ are modified by the stimulus, and here again w^e 
shall point out that it is evidently the protoplasm which in the first place receives the 
stimulus, and then, by alteration of its molecular condition causes the turgescence 
of the cells to change. In principle, we may say, the stimulation in the case of a 
tendril is the same as in the case of a motile organ of Mmosa, only that it is here a 
matter of a continuous though very slight contact, and the alteration of turgescence 
leads to a permanent change by means of growth. 

Without going further into the numerous questions of a purely mecha- 
nical nature connected with the curvatures of tendrils, it need here simply be 
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shown why thick tendrils are unable to twine round very thin supports. On comparing 
two tendrils, one of which is twined round a slender and the other round a thicker 
support, it is obvious that in the former the proportional difierence in length of the 
outer and inner sides must be greater than in the latter. If a thick and a thin 
tendril twined round supports of equal thickness are compared, the proportional 
difference in length of the outer and inner sides will be greater in the case of the 
thick one than in that of the thin one. If we now suppose the support to become 
thinner and thinner, the proportional difference in length increases more rapidly for 
the thick tendril than for the thin one, and it then becomes a question whether 
the growth in length of the two sides of the tendril can or can not attain any 
given value. As a matter of fact, the difference in length attainable by unequal 
growth of the two sides of the tendril has its limit, as is shown by experiment. The 
thin tendrils of Passiflora gracilis can coil closely round fine threads of silk, 
whereas the thick tendrils of Vitis can only coil themselves round supports which 
are at least 2-3 mm. thick. The most strongly curved Vine-tendril which I could 
find had coiled itself tightly round a support 3-5 mm. in thickness, and this only in 
one almost circular coil; the average thickness of the tendril at this spot was 3 mm. 
The concave side of one turn was therefore nearly n mm., the convex outer side 
nearly 29 mm. long, and thus the relative lengths of both sides nearly as i : 2*6. 
If however this tendril, 3 mm. in thickness, were supposed to coil itself round a 
support only 0*5 mm. in thickness, an almost circular coil of it would then have a 
length of only 1*6 mm. on the concave side, and of 20-4 mm. on the convex side ; 
the two sides would then stand as i : 13, and it does not appear that such consider- 
able differences in the length of the two sides of a tendril are possible by growth. If 
on the contrary the problem were for a tendril which itself is only 0-5 mm, thick to 
twine itself round a support 0*5 mm. thick, closely and in an almost circular coil, 
the inside of a coil need only be i-6 mm. long, and the outer side 4-7 mm., and thus 
the relative lengths of the inner and outer sides as i : 3. 

In order that a tendril shall cling firmly to its support, it is not sufficient that its 
coils simply lie on the support ; on the contrary they must press themselves closely to 
it. That this actually takes place is shown by the fact that if tendrils are allowed to 
Obil round smooth supports which are then withdrawn, the coils at once become 
narrower and their number increases (De Vries). This fact shows at the same 
time that the tendril irritated by contact with a support strives to make a curvature 
the radius of which is smaller than that of the support, provided that the support 
is not too thin and the tendril not too thick. 

With regard to the pressure which the coils of a tendril exert on the support, 
those cases are very instructive where thin leaves are entwined by strong tendrils, and 
are thereby compressed and folded. 

Since the biological object of tendrils is to grasp supports — usually other 
plants — and thus to enable the thin stems of the tendril-plant to climb, it 
becomes a matter of primary importance to bring the tendrils into contact with 
supports; this is usually accomplished in a wonderfully complete manner by the 
fact that at the time when they are irritable, not only the tendrils themselves but also 
the apex of the shoot which bears them are endowed with revolving nutation, with 
the result that every object which can be used as a support, and which is by any 
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means brought within the area swept by the tendrils, almost certainly comes in contact 
wnth one. The apex of the shoot bearing the tendrils usually describes elliptical ascend- 
ing spirals, the course of which is completed in from i to 5 hours. As with twining 



Fig. 378.— Upper portion of the end of a climbing slioot of the Virginian Creeper Ultnpeicfsis hederacea). b a tendril 
which has coiled itself in the ordinary manner round a nail; ac tendrils which have become fixed to the wall by means of 
Cush ion-like outgrowths or clasping organs ; d a tendril which is still nutating— its tips are groping about on the wall, but 
are still devoid of clasping organs ; e young tendrils. 

stems so also with tendrils, a pronounced positive heliotropism w^ould often carry them 
away from the support, and would therefore be injurious. Some in fact appear to be 
not heliotropic at all {Pisum according to Darwin), in others a feeble positive helio- 
tropism makes itself evident by the fact that the circular nutating movement takes 
place more quickly towards the light than away from it. Some tendrils, particularly 
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those of Ampeiqpsis kederacea (the Virginian Creeper), and Bigmnm capreolata, have 
the remarkable property of developing broad cushions of tissue at the apices of their 
branches, when they remain for some time in contact with hard bodies : these 
cushions apply themselves to rough surfaces like suckers, and thus make it possible 
for the plants mentioned to climb up vertical walls, when they find no thin supports 
around which to twine. In this case it is evidently important that the tendrils should 
turn towards the wall serving as a support, in order to fix themselves to it, and ■* 
this is attained by means of negative heliotropism, which drives the tendrils towards 
the wall shaded by the foliage, where they then, in virtue of their nutations, make 
various, one might almost say groping, movements, and glide over the surface, dipping 
especially into depressions and cracks, and then develope their attaching discs. 

I now pass on to the twining plants, which have already been shortly characterised 
at the commencement of this lecture. In the first place stress is once more to be laid on 
the fact that we are here concerned not with special climbing organs springing from 
the shoot-axis, but with the shoot-axis itself which supports the foliage-leaves and 
flowers, and ’which is at the same time adapted for climbing up supports. The 
function of a twining shoot-axis is to twine round an upright support in the direction 
of a spiral line, and to apply itself so close to it that, by means of the mutual 
friction it clings sufficiently fast to the support, not to slide off from it again even 
under the weight of the appendages; the latter event does happen, indeed, even 
with the best of twining plants, if the surface of their vertical support — a rod for 
instance — is too smooth to furnish a strong mutual friction. This explains why most 
twining shoot-axes tend themselves to have very rough surfaces, provided by means 
of torsion-ridges and furrows, or curved, hook-like, silicified hairs, &c. : never- 
theless, there are also twining plants the shoot-axis of which is perfectly smooth, 
g. Bowiea volubilu. 

One of the chief differences which distinguish twining shoots from tendrils, must 
be understood from the beginning, and clearly borne in mind ; namely, that 
twining plants only coil themselves round and climb up upright supports. This 
distinguishes them at once from tendrils, which are able to coil themselves round 
horizontal as well as upright supports, and down\vards as well as up’wards. It 
appears to be best that the upright support of a twdning plant should stand quite 
vertical, though it is not impossible for these plants to twine round obliquely upright 
supports: it appears that these may be regarded as still not unfavourably situated 
even when the angle with the horizon is as much as 45° The majority of twining 
plants, however, are no longer able- to twine actively if their support forms a 
smaller angle with the horizon, although it cannot be denied that, under peculiar 
circumstances, some climbing plants are able to make a few turns round even hori- 
zontal supports. In our further considerations we shall always assume for the sake 
of simplicity that we have to do with nearly vertical supports. 

A further point, conspicuous even on superficially regarding the matter, lies in 
the fact that twining shoot-axes wind themselves round the support in a definite 
direction, according to the species of plant in each case. The Hop, the Honeysuckle 
{Lonicera caprzfolium), and a few less well known plants such as Imnns ekphaniipa. 
Polygonum scandens^ Wine to the right, as we are in the habit of saying— i. e. from 
the right below to the left above as one looks at the support ; but the majority of 
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twining plants twine to the left— i. e. from the left below to the right above when the 
plant and its support are looked at horn the exterior; The latter is the case, for 
example, with the Bindweeds {Convolvulus <xnd IpomcBa)^ Aristolochia^ Kidney 
^^2X1 {Phaseohis\ and a few less known plants such as Thunbergm, Jasminmni, 
Asclepias carnosa^ Menispermum canadense, See, Nevertheless, not all species are con- 
stant as to the direction in which they twine ; in the case of Blimenbacha later ilia, 
, one of the Loasaceas, it is easy to observe that not only different shoots of the same 
stock twine to the right or left, but it happens here, even commonly, that the same 
shoot after having twined to the right for some time, grows straight upwards for a bit 
and then twines to the left, and vice versa. According to Charles Darwin, something 
of the same kind takes place in the case of Scyphantus elegans and Hihhertia dentata^ 
though these are rare exceptions. 

The first internodes of twdning shoots, whether arising directly from the seed as 
in the Kidney Bean, or as lateral shoots from root»stocks as in the Bindweed 
{Convolvulus), or from sub-aerial perennial parts as in Aidstolochia, are not as yet 
capable of twining, but grow erect without supports. It is not until the following 
inteniodes of the same shoot are developed that it is able to twine round a support ; 
these internodes first elongate considerably, the foliage-leaves meanwhile growing 
out very slowly, and even 30-50 cm. from the tip the leaves, separated by long 
internodes, are still in the bud-state. 

In consequence of its own weight the elongated apex of the shoot inclines 
to one side, and in this position its revolving nutation begins — a rotatory move- 
ment which is produced, without the co-operation of external stimuli, by growth 
in length taking place progressively along various longitudinal lines on the surface 
more rapidly than along corresponding lines on the sides opposite. By these means the 
freely pendent apex describes a curve, commonly in the form of a drawn out S, but 
which is properly a portion of a very elongated open spiral This freely hanging 
portion is in constant movement, whence the apex is carried round in a circle or 
ellipse. If a plant which twines to the right, such as the Hop, is taken, and a 
longitudinal black line painted on this portion of the shoot-axis, so that it lies 
on the convex side when the bud is pointing to the South, the painted mark is 
found subsequently, when the bud inclines to the West, to lie laterally on the 
north flank ; as the bud then proceeds round to the North, the mark comes to lie 
on the concave side ; and, later still, when the bud points to the East, it again lies 
laterally on the north flank of the shoot-axis. These revolving nutations are com- 
pleted in quickly and vigorously growing plants in from i to 2 hours, or sometimes 
even in half an hour, so that in long pendent shoot-apices, the circular movement on 
a hot summer's day can be directly seen : in other cases, however, it requires many 
hours to complete a revolution. As a rule two or three of the younger internodes 
exhibit revolving nutation at the same time, and since these are all in different phases 
of growth, the curvature of nutation of the older usually does not coincide with that 
of the younger one. As new internodes develope from the bud they also begin 
to nutate, the older ones ceasing the movement; a new form of movement then 
takes place in the latter, viz. Torsion— i.e. the angles of the older internodes 
obtain a spiral twist round the true a 5 cis of growth, very much as the in- 
dividual fibres of a cord are twisted round its long axis. I may here mention at 
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the same time that, in the explanation of twining, too much importance has been attri- 
buted to these torsions, as follows from the fact that some twining plants (e. g. Bow/ea 

and species of exhibit no such 

phenomenon at all; moreover the torsions referred 
I |l|| to only make their appearance as a rule after the 

'[|j|jj ^ shoot-axis has already become closely wound 

round a support, though in other cases it is 
M true they extend close up to the bud, as in 

the Hop and the Bindweed {Convolvulus), It 
n| I must be admitted that the study of the me- 

Ijii J f chanics of the twining of twining plants is ren- 

Jjj|L dered difficult in the highest degree by these 

torsions; but on the other hand it is established 
\ fi that they are to be regarded as a bje-phenome- 

non only, as an adaptation the better to fix the 

i f If support around which it has already 

l become twined, and I shall subsequently refer 

to yet another useful effect of the torsions in 
I shoots which have, not yet twined round a sup-' 

I port, as well .as to the fact that another torsion, 

' iinf which is usually scarcely noticed, is necessarily 

I Im^ and obviously combined with twining itself. It 

W will certainly facilitate the understanding of the 

g ''}jA matter, however, if I take no further notice of 

Mli all these torsions for the time being, simply add - 

I ing that the direction of the revolving nutation 

always coincides with that of the torsions and 
with the spiral lines described round the support. 

Let us now return to the revolving nutation 
of the free pendent apex. It is obvious that this, 
which is usually very long — not rarely 50-80 cm. 

I — must during its sweeping circular movement 

I occasionally come in contact with a support, a 

thin stem or a stick, &c. ; like a tendril which is 
still nutating in a similar manner, the free sweeping 
Wj apex of the twining plant behaves much as a man 

whose arm is extended horizontally and groping 
W'hiil towards all points of the compass in order to 

Fig. 37si,~Shoot-apex ifcdo? the Blue Bindweed fasten on a support. In fact, the twining plant 

{/fomcea J>ttrpurea)\v\nd\nif---\.e, twining round the . v . t •» 

rod(r«. Flowers, lateral buds and hairs omitted. seexs iH tiiis manner to rcach a support, and 

when it meets with such with the anterior portion 
of the sweeping apex, the part of the apex lying towards the !)ud curves 
round it, and grows spirally up it. The uppermost coils of the spiral which 
the apex of the shoot throws round the supports are usually nearly horizontal ; 
but as the apex goes on creeping further up the stem in this form, the internodes 
situated further behind undergo still further elongation. On the one hand the 
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uppermost coils of the shoot are passively driven up the support by these lower 
internodes, since they only lie loosely on it; on the other hand the older coils thus 
become steeper and more erect. Hence it is commonly found, espeeiaily with thin 
smooth supports, that the lower already completely developed parts of the shoot-axis, 
run round the support in steep long-drawn coils, whereas the uppermost coils lie 
nearly horizontally, or obliquely with a slight gradient. Subsequently, as they become 
older, they also ascend more steeply. This is particularly clear in the case of 
thick shoot-axes, such as those of the Hop or the Blue Bindweed {Tponima) when 
twining round a cord or a wire : where the support is thick, it is due to purely 
mechanical causes that even the fully developed older turns are not very steep. 

The terminal bud of the twining shoot is often applied continuously close to 
the support when the latter is sufficiently thick ; but where the support is thinner it 
often happens that the uppermost coil of the stem is twined quite loosely round the 
support, or presses on it only at one point. In other cases again the bud may be 
curved sharply do wnw^ards close to the support, or even outwards and aw^ay from it, or 
upwm'ds, evidently in consequence of nutations and torsions occurring in the upper- 
most parts of the twining stem. 

As regards the true cause of twining and its mechanism, no completely clear 
insight into the matter has as yet been obtained. The twining of twining plants 
is not so well understood as the coiling of tendrils, and the view^s on the matter do 
not agree as to whether irritability is in twining plants likewise the important factor. 
Where the circumstances are so involved it is perhaps better to put together the most 
important results of observation, without adopting any theory. 

I lay especial stress in the first place on the fact that in the twining of twining 
plants some form of geotropism — i. e. an influence due to gravitation — very evidently 
plays a conspicuous part : this results from the following observations. On growing 
a twining plant — e. g. a Kidney Bean, Bindweed, or Hop — in a pot until it has 
climbed up a rod, and then inverting the W’-bole plant together with its pot so that the 
pot is uppermost and the twining apex of the plant low^ermost, the youngest two or 
three coils of the shoot loosen themselves from the rod, and the terminal bud, first 
becoming free, turns sideways, and then erects itself and again growls upwards close 
to the rod. Mere up-tuming thus reverses the twining round the support which has 
already been accomplished so far as concerns parts of the shoot wffiich are still grow- 
ing, though the parts wffiich are fully developed and wound round the support are 
not further affected. , 

If a twining plant growm in a pot and provided with a support, is laid horizontally, 
the terminal bud in like manner loosens itself from the support and directs itself at 
once vertically upw^ards, and if the pot and support are rotated for several hours in a 
direction opposite to that of the coils of the support, those parts of the shoot wffiich 
are still capable of growth gradually uncoil themselves. To remark it by the w^ay, it 
obviously foliow^s from these observations that twining plants (apart from special 
circumstances) are unable to twine round a support either in a horizontal or in an 
inverted position, and there is certainly no doubt that this behaviour depends 
upon an influence of gravitation which cannot be immediately identified with the 
ordinary geotropism of orthotropic shoot-axes. 

There is a second series of facts of, if possible, still greater significance, 
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since they show that twining plants are able to make spiral curves, even without 

a support, very similar to those they make when twining round a support; 

only it is necessary in this case that they are by some means maintained in an 
upright position. Hugo de Vries (1873) fastened a fine thread to the terminal 
buds of the freely sweeping shoot-apices of Kidney Beans and various other twining 
plants (PJiarhiih hederacea and QuamocUf luieola)^ and, by 
means of a small weight of 2-3 grams, carried the thread 

over a pulley so that the apex of the shoot \vas drawn 

vertically upwards. In the course of a few days spiral turns 
were developed, and after the portion of the apex here under 
consideration was fully growm, he observed torsions on it at 
the same time (though the number of both was such that 
no causal connection betw-een them could be established), 
just as if the shoot had twined round a rod. De Vries also 
fixed a revolving shoot-apex by gumming to a rod the side 
which was posterior during the revolution, and obtained a 
half to a -whole spiral turn. 

The experiment with the thread is particularly instructive, 
and I have also obtained excellent results with it : it suffices 
to employ a weight just sufficient to pull the thin shoot-apex 
upright. With Polygonum dumetonm 2 Jid Apios lukrosa I 
obtained in this manner in 15-16 hours 1-2 complete spiral 
turns, as well as torsions. In these experiments, as De Vries 
noticed, the essential point is only the prevention of nutations 
—1, e. of the circular sweeping movement of the apex. There 
are, however, various other causes which promote the develop- 
ment of free turns in the absence of a support — above all, the 
continued upright position of the growing shoot. This may 
be elegantly demonstrated by cutting off the apical portions 
20-30 cm. long of shoots of the Hop, the Red Bindweed 
(Ip 077 icEa pmpui'ea), Menispe 7 n 7 im 7 i canadefise^ Dtoscorea ha-- 
iaius, &c., which have been growm in the open, and as yet 
have not attached themselves to supports, but are nearly 
straight, or curved into the form of a long S, and placing them 
in a glass cylinder 30-40 cm. high and 5-8 cm. in diameter, 
at the bottom of which are a few cubic centimetres of w’ater. 
Under these circumstances the shoots grow actively and 
elongate 5-10 cm., and in the course of 2-3 days there are * 
developed 2-4 complete spiral turns, wdiich present exactly 






FIG. aSo.—Three coils, which 
have been developed indepen- 
dently of the support, of a very 
vigorous shoot of Afefttsjfermum 
canadense, which had been cut off 
and placed in a glass cylinder* 
The coils are represented exactly, 
but the leaves, flowers, and hairs 
are omitted ; tlie line/j/' is simply 
to render the direction of the coils 
evident. 


the same appearance as if the shoot- had wound itself round a rod of I-5-3 cm. 
diameter. Here also the upper parts of the coiled shoot (cf. Fig, 380) are almost or 
quite horizontal. The further down the coiled parts of the shoot lie, and the older 
they are, the steeper and narrower they are, exactly as if the shoot had twined round 
a thin support. No essential difference whatever is to be found. If the glass cylinder 
containing such a shoot is now simply laid horizontally on the table, and rotated 
through 90^ about every hour, so that every side of the spiral shoot-apex is in turn 


TWimNG WimOUT SUPPORT 673 

directed dowmwds, the spiral turns uncoil themselves again, and the whole shoot 
becomes perfectly straight. It is even possible to produce spiral turns in the shoot 
a second time by again placing the cylinder upright. 

But even when the plants are left to themselves in the open there are frequently 
formed, as previous observers had already- found, free turns which embrace no 
support. This occurs very often in the manner shown in Fig. 381, when the 
twining apex grows out beyond the rod up which it had climbed, if at the same time 
the now free shoot-apex is sufficiently light and rigid to maintain its erect position. If, 
on the contrary, it is very flexible and grows rapidly in length, it falls into a horizontal 
or oblique position, and begins to describe 
circular movements which lead to the for- 
mation not of close spiral coils but only of 
open S-shaped curves. 

We no w^ come to the question why 
the free, horizontally sweeping shoots 
make no spiral turns. In the first place 
we have already seen that the apex 
of a twining plant coiled round a rod, 
spontaneously uncoils itself from the rod 
if the plant is laid in a horizontal position 
and slowly rotated ; and, as I have said 
above, even the spiral coils produced in a 
glass cylinder again become straight if the 
whole is laid in a horizontal position and 
siowdy rotated. But a long thin sweeping 
shoot-apex finds itself in the same position ; 
as its posterior parts make torsions the 
anterior pliant apical portion is thereby 
passively rotated, as if it had been fastened 
to a horizontal rotating axis — a movement 
which I shall, for reasons which will appear 
later, designate klinostat-movement. By 
this means the pendent, freely sweeping 
and nutating shoot-apex, is placed in the 
same position as a pot-plant twining round 
a rod, which wffien placed horizontally and slowdy rotated, again uncoils itself from 
the rod. 

I am indeed convinced that the prevention of the formation of spiral turns in 
free “growing shoots, simply in consequence of this klinostat-movement, is of great 
use for the plant; for if every free sweeping shoot were to make spiral turns, it 
would be impossible for it to seize a support, whereas if this is prevented by 
means of the klinostat-movement the apex of the shoot maintains a form which 
enables it to coil round a support immediately it comes in contact with it. 
Darwin and De Vries had already mentioned the easily demonstrated fact that 
feebly growing shoots of twining plants make free coils which often have the 
greatest resemblance to old, free, coiled-up tendrils, and I am of opinion that the 



Fig. 381. — Apex of a shoot of Alxf/ia 
qxtinata which has ^frown out beyond the 
support and fonned free coils. 



674 


LECTURE XXXVin. 


cause in both cases may be essentially the same; as in the case of a tendril which is 
still straight but actively growing in length, so also in the case of the shoots of 
twining plants, so long as they are still elongating, the tendency to make spiral 
coils exists, but the tendency is not exhibited, or only to an insignificant extent, 
simply in consequence of the rapid growth. If the growth is enfeebled, however, and 
approaches complete extinction, the side which will be concave on coiling first ceases 
to grow entirely, while the opposite one continues to elongate for some time longer 
as the growing side. It thus happens, and not very seldom, that even long pendent 
shoots, which have found no support and therefore have their growth interfered with, 
finally make several corkscrew-like turns, and then die off altogether, as I have often 
observed in the case of Bwscorea hatatus and D. Japoiika. But it happens much 
more frequently that feeble shoots before they cease to grow altogether, first give up 
their circular nutation, suddenly erect themselves, and then, in the course of several 
days, make 2-5 corkscrew-like, and usually very narrow fiat coils, and then cease 
growing altogether. In this case there are evidently two factors working together 
to the same end ; on the one hand, the tendency already referred to, resembling that of 
tendrils, to roll themselves up spirally; and, on the other, the vertical position due to 
geotropic erection, and w^hich even in vigorously growing shoots induces the forma- 
tion of free coils. 

It w'ill, how^ever, certainly need further and very careful researches to derive the 
mechanical theory of twining from the statements just made, and wdiich I put forw'ard 
simply as facts. 

It is a question as yet undecided whether twining shoot-axes are irritable. The 
question was answered in the affirmative on insufficient grounds by Mohl (1827) 
whom we ow’e the first useful investigation of twdning plants; but subsequently 
denied on still less sufficient grounds by Darwin. From De Vries^ researches the 
question also appeared to me to be decided in the negative; but a more careful 
apprehension of the term irritability gives the matter another aspect. When Darwin 
denies irritability to twining plants because they make no twining movements when 
slightly pressed or rubbed, it is much as if sensitiveness to light were denied to 
the retina of the eye because mere rubbing of the eye-lid does not produce vision. 
The better reasons which De Vries adduces against the irritability cannot be so 
quickly disposed of, though in mj opinion they cannot be maintained. 

It is above all important what is meant by the 'word irritability. I understand 
by this term, as already said, that kind of reaction which the living organism ex- 
clusively, as such and in consequence of its vital capacity, exhibits towards external 
influences. When it is found then that an inverted twining plant spontaneously 
uncoils itself again from the support, wdien the apex coiled round a support and 
artificially uncoiled spontaneously straightens itself and nutates, when merely placing 
the shoot erect causes it to make spiral turns as If it had a support— I find in all 
this the essential characteristics of irritability in the above sense, though of course it 
affords no explanation of the true mechanism of twining. 

The irritability of twining shoot-axes, however, comes in not merely as one of the 
causes of twining. I have for many years observed thousands of twining plants 
throughout their lives, and found that vigorous shoots when they grow out beyond 
the support or meet with none at all, become moribund; it is easy to observe 
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that a shoot which has been growing for some time without a support^ on being 
afforded opportunity to twine round a support obtains after a few days a new 
lease of life, so to speak, and grows much more actively. Here, then, we have an 
eifect similar to that met with in the case of tendril-plants, w’here likewise the whole 
plant attains greater vigour when it can employ its tendrils. 

With regard to the question as to the irritability of twining plants being a cause 
of twining itself, the fact must moreover be mentioned that by no means all twining 
plants agree in this respect. It was long ago made known by Mohl that the 
Dodder {Cusmia) is impelled by mere continued contact with a support to twine 
closely around it, exactly like a tendril ; these plants, however, are at the same 
time slightly geotropic, and as they twine they thus tend to ascend, in which 
they resemble twining plants. A few more words, again, as to the leaf-stalks of 
Lygodium\ these, as is usually said, behave exactly like twining shoot-axes, and 
in fact exhibit the greatest possible similarity to them; yet Mohl with equal right 
designates them as tendrils. According to my observations, in fact, the leaf- stalks 
of Lygodium act at the same time both as tendrils and twining plants : tendrils in so 
far as they are induced to twine round a support, exactly like true tendrils, only by 
continued contact; while they resemble twining plants in that they run round the 
stem only upwards, though in doing this they can, like Blimenhachia^ alter the direction 
of the spirals. 

The opposite extreme is afforded by the peduncles of the female inflorescence of 
the water-plant VaUisneria, which are often more than a metre long and about as thick 
as sewing- thread. At the period w^hen fertilization takes place these long filaments are 
extended in order that the female flowers may float on the surface of the wmter ; 
after fertilization, however, the filament contracts in close spirals like a cork-screw, 
evidently because the one side shortens or the other lengthens, just as in the case 
of the coiling up of tendrils or* erect twining shoots w'hich have met wfith no 
support. 

Unfortunately there is not space here to render clearer the question as to the 
true nature of twining shoot-axes, though I must still mention one or two of the 
more important facts. 

It has already been stated that the upper end of a spirally wound twining 
stem makes flat and nearly horizontal turns, whereas the older turns, further 
removed from the bud, are steeper ; and the same is the case when no support is 
present. In other words, the turns are at first flat and become higher and steeper with 
increasing age, especially when the support is thin. It is scarcely to be questioned 
that this change is due to the influence of gravitation ; in any case it is of use to the 
plant, since when the coils which at first lie only loosely on the support raise 
themselves and tend to become straighten, they must at the same time go on clasping 
the support more closely. To make this clear, it is only necessary to wind a flexible 
caoutchouc tube round a rod in loose low coils, and then extend the two ends of the 
tube with the hands ; the coils will then become steeper and apply themselves more 
closely to the rod. But even young coils begin to exert pressure on the support ; if 
the latter is smooth and is then withdrawn from the coils, they become closer, exactly 
as in the case of coiling tendrils. 

I stated above that the numerous torsions observed on many twining shoots, 
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and which sometimes in the case of the Hop and of the common Bindweed extend 
close up to the bud, have nothing to do with the problem of twining proper, 
although they are probably of use for fixing the shoots to the support eventually. 
On the other hand a torsion is necessarily connected with the actual twining itself, 
even in the case of twining plants in which the above-mentioned torsions never 
occur, simply because the laws of mechanics demand it. Since this unavoidable 
torsion is usually not visible at all, it will be well for the student to convince 
himself of its necessary existence. Suppose a long caoutchouc tube laid on the 
table in the form of a helix: hold the outer end of the tube fast with one hand, 
and seize the inner end with the other, and raise the arm till the whole tube stands 
vertical on the table : supposing a black or white straight line to have been pre- 
viously drawn on the tube so that, when the tube lies on the table the line runs, 
for instance, on the convex side of the turns of the helix, it is then noticed that, after 
the tube has been stretched in the manner described, that the line runs round the 
tube in the form of a spiral, and this so that one turn of this torsion line comes on 
each turn of the original helix, but in the opposite direction to the original coils of 
the helix. 

Finally, the additional remark that the numbers of twining plants known are 
greater than those of tendril-plants, and, like the latter, they occur in all parts of the 
world, but especially in America. Mohl, even in 1827, gave the numbers of twining 
plants known to him as 866, and it is certain that more than a thousand could now 
be enumerated. 

The preceding considerations have always reference to the young shoot-apex 
only, and its movement on or without a support. Further considerations might 
now have to be extended to the other biological relations of these plants, and in this 
connection those twining plants, especially tropical ones, &c., in which the shoot-axis 
after having wound round a support then developes "wood and secondary cortex by 
subsequent growth in thickness, would be of peculiar interest. However, we must 
here leave these matters and the conclusions to be drawm from them. 
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GEOTROPISM AND HELIOTROPISM >. 

It appears to naive unprejudiced mankind a self-evident fact that a tree, e.g. 
a Fir-tree, grows with its stein upright (in this case exactly vertical) and that its apex 
always tends upwards again in the same direction j whereas the primary root in like- 
manner penetrates the soil vertically downwards. The main branches of the stem, 
ho'wever, stand horizontally, and put forth horizontally lateral branches, and even the 
needle-like leaves of the Fir lay themselves horizontally in the plane in which the 
main branches subdivide; the lateral rootlets springing from the main root, again, 
have their proper directions with respect to the horizon, they grow horizontally or 
obliquely dowmvards, but produce in their turn lateral rootlets of second and third 
order which are able to grow out in all directions. Exactly as in the case of the 
Fir-tree, so with many thousands of other plants, although with some subordinate 


^ The older literature on Geotropism as well as on Heliotropism, up to the year 1865, is 
collected and cnticised in my ‘ der Exp^rimeniaUPhysiologUj pp. 38, &c., and pp. 88-112. 

Of the more recent works on Geotropism the following will be most serviceable to the 
beginner; — 

Sachs : ‘ Ldngenwachsthum der Oder- tmd UnterseiU horizontal gelegtert sick aufwarts h^um- 
(Arb. d. bot. Inst zu Wzbg. B. I, p. 193). 

Sachs : ‘ Uber das WachstJmfti der Haupt- U 7 id Nebenwiirzeln’' (ibid. B. I, pp. 385 and 584). 

Sachs ; ‘ tjbcr Wachsthum imd Geotropisnms aufrechter Stengeln ’ (Flora, 1873, pp. 321, «&c.). 

Sachs: ^ tJber Ausschliesstmg der geotropischejz mtd heliotropischen Kriimmmigen wdhrend 
des Wachsens'* (Arb. d. bot, Inst, zii Wzbg. B. 11 , p. 209), where I described the Klinostat (the idea 
of which had already been indicated in my ^ Plandbuch^ and the horizontal revolution as 

means for eliminating heliotropic curvatures. 

Detlefsen’s work referred to in the text, / tjher die von Darwin behauptete Gehirzifiinktmi der 
Wterzelspitzen,' is also found in Arb. d, bot, Inst, zu Wzbg. (B. II, p. 627). 

I refer the reader, finally, to the detailed description of geotropic curvatures in my * Lehr btick ’ 
(IV. Aufl. 1874, pp. 811, &c.). 

Of recent works on Heliotropism I quote only the following : — 

Hermann Muller (Thnrgau) : ‘ Dber Heliatropismus * (Flora, 1876, Nos. 5 and 6). I have here 
to remark that my new theory of heliotropism was first published in the introduction to this treatise, 
and that Muller expressly mentions this; I may indeed add that the introduction in question 
consists of ray own words. It is therefore not right that certain more recent authors should speak 
of my theory as Muller’s. In sharp contrast to my theory of heliotropism stands that of Julius 
Wiesner in his very extensive treatise, ^ Die heliotropischen Erscheimmgen im PJla^tzeztreiclG 
(Denkschr. der kaiserl. Akad. der Wiss. in Wien, B, 39, 1878, and B. 43, 18S0). I can with 
confidence leave it to the future to decide the matter, and entertain not the slightest doubt that my 
theory, as soon as it is but generally understood, will be accepted on all sides. 
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differences as regards the lateral shoots and roots ; the petioles especially of most 
plants tend to direct themselves obliquely upwards, and the lamina to place them- 
selves so that the rays of light fall perpendicularly on their surface. 

There are, however, many other plants the shoots of which do not become 
erect, and which have no primary root penetrating vertically into the earth; 
plants which creep horizontally on the soil, or cling close to the oblique or vertical 
surfaces of rocks, avails, trees, &c., and extend themselves upwards or laterally. 
There are also numerous leaf- forming shoots which, like primary roots, penetrate 
vertically downwards into the soil, or permeate it obliquely or even horizontally, and 
in general we find that the various organs of one and the same plant assume the 
most various directions with regard to the horizon of the situation they may happen 
to occupy. Frequently it also happens that an organ grows when young in a different 
direction from that followed subsequently ; this is very conspicuous with the branches 
of most species of Pinus^ the spring-shoots of which stand erect and subsequently 
assume slowly the horizontal position. 

It is clear that the whole aspect of a plant depends essentially upon these 
different directions of growth of its different organs, as is at once intelligible if one 
supposes all the roots and lateral shoots of a Fir to grow vertically upwards like 
the main stem ; we should then have, instead of the beautiful tree-form, an ugly 
shapeless conglomerate of organs, and the whole would be entirely incapable of 
maintaining its existence, because none of the various organs would then be in a 
position to discharge their proper functions. 

This very simple reflection shows at once that peculiar causes must exist to 
compel the different organs of one and the same plant to assume different and 
fixed directions for each organ, with respect to the horizon. One of these causes, 
as with all vital phenomena, lies in the nature, i. e. in the internal structure of 
the organ itself; another cause is the influence of some external force on this 
structure of the organ, and it is in fact, as has , already been pointed out, gravi- 
tation — the gravitating force of the earth, or the general attraction of mass between 
the earth and the minutest particles of the plant-organs — which acts on the latter 
in such a way that they are compelled to grow in definite directions with respect to 
the horizon, or, what amounts to the same thing, under definite angles with respect to 
the vertical at their position. This latter is indeed only the direction of the resultant 
of alTthe attractive forces of the whole earth on a definite point in the organ of 
a plant. If it is, however, as we now know definitely, the gravitation of the earth 
which causes the organs of a plant to assume their specifically peculiar direc- 
tions with respect to the horizon, it follows directly that the specific differences 
in their directions of growth can only be due to the difi'erences in their internal 
organization : the gravitation of the earth acts on every cell of the plant in the 
same direction and with the same force, and if the organs are nevertheless caused 
to react differently thereby, the cause can only be sought in a difl'erence of the 
internal structure of the organ itself. But as in almost all cases of irritability in 
the animal and vegetable kingdoms, it is this very peculiarity of structure con- 
ditioning the reaction, which is not perceptible to the senses; even the highest 
powers of the microscope teach us nothing as to why the apex of a Fir-stem grows 
upwards, and the tip of a lateral shoot horizontally, under the influence of gravitation, 
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and perhaps nothing brings out the point here at issue so much as the fact that 
the non-cellular plants behave, with reference to geotropism, exactlj like those with 
cellular structure, whence also every explanation of these phenomena which is 
based on differences of cellular structure must be at once put aside as false. 

The fact here treated of generally may be expressed as follows. If the parts 
of a plant are displaced by any cause whatever out of their original customary 
position into a different one, they become curved until they again assume 
the same inclination towards the horizon as before. This curvature, however, is 
caused exclusively by growth, and hence only those organs which are still 
capable of growth can regain their normal and original position with respect to the 
horizon. If a plant grown in a flower-pot, for instance, is laid with its pot 

horizontally, all those parts which are already completely developed retain the 
new position, and only those which are still capable of growth commence after 
some time to curve : the still growing shoot-axes, if they previously stood 
upright, become curved until they again stand upright, and the short growing 
portion of the primary root curves 
until its apex is again directed vertically 
downwards. Parts which originally 
grew horizontally do not rest until they 
have again become horizontal, those 
usually oblique become curved until 
they have resumed the same oblique 
position. 

In order to simplify the de- 
scription, I will first regard in what 
follows those organs which originally 
grow vertically upwards or downw-ards, 
and assume that such organs have been 
placed in a horizontal position. Fig. 

383 wall serve to illustrate what then 
happens. ^ is a diagram of any seed- 
ling whose plumule S originally grew vertically upwards, and its main root vertically 
downw^ards; this plant is now laid horizontally, care being taken that it can go on 
growing. After a short time it is seen that the plumule has become curved upwards 
as in S\ until its apex is directed vertically upwards, and in like manner the primary 
root has curved, at the short part which is growing in length, until it can again grow' 
vertically dowmw^ards. It is the custom to designate organs which behave like this 
plumule as negatively geotropic, and those which behave like this primary root as 
positively geotropic. The lines 0 u in S mark a portion of the shoot-axis which is still 
growing, and the negatively geotropic curvature may be especially observed here ; the 
posterior transverse section 0 u which lies at the limit of the fully developed basal 
portion has not altered its position to any marked extent, the anterior transverse 
section ouj on the contrary, has become displaced by the upw^ard curvature into 
the position f?V, and it is noticed that the under side- of this portion of the shoot uu 
has elongated considerably, whereas the upper side od has not elongated, or has 
even become somewhat shorter. A similar state of affairs is show'n by the lines 



Fig. 382. — Growinjf flowering' shoot of Crown Imperial {Frit' 
illtxria imperialis)^ the upper part of the bulb .r being cut a'way 
ail round, in order to expose the lower part of the scape d. The 
plant was then laid horizontally, and after about twenty hours 
the shoot at lirst straight («) erected itself through b into the 
positions. 
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on the root, W, only here the upper and lower sides behave in a manner exactly the 
opposite from the above. 

The portion of the plumule * 5 * here considered is again represented in another 
manner at B, the case here selected being, it is true, not the most usual, 
though it is the most instructive: the upper side o o shortens to o o\ while the 
under side elongates much more considerably, as shown by z/t/. The curvature 
which necessarily results from the shortening and lengthening is, however, not 
indicated in this diagram, so that the relative lengths may come out better on the 
straight lines. It is easily intelligible that it would also suffice for the purpose 
of curvature if the upper side retained its original length, while z^zz elongated, 
and in fact the line might elongate if only f/?/ showed a greater elongation : 
in this case also such a curvature wrould result that the upper side oo becomes 
concave, and the lower side convex. All these three cases may actually be 
observed in the upward curvature. Exactly the same applies to the diagram C, 



Fig. 383.— Diagram to illustrate the upward and downward cun^atures due to 
geotropisin (see the text). 


which represents that part of a root in which curvature is chiefly taking place, only 
that all the matters relating to the upper and lower sides are converse to those in B, 
bringing out sharply the meaning of the expressions positively geotropic and 
negatively geotropic : B represents the process of growth in a negatively geotropic 
organ, C that in a positively geotropic one, 

W might now suppose Fig. yl to represent a germinating non-cellular plant, 
such as VaMckeria: in this case the whole structure is a continuous utricle, the 
cellulose-w^all of which is indicated by the outlines. Our observations here simply 
refer to two equally long portions 0 0 and ti u of the upper and lower sides of the 
utricle. We might, however, also assume this utricle to be subdivided by more or 
less numerous transverse septa into a series of cells, and that the portion 0 0, u u. 
represents one of these cells, and it is intelligible that the above considerations would 
not be essentially ajffected thereby. Finally, we may also assume that witiiin the 
outline of Fig, A not only transverse walls but also longitudinal walls were present, 
and that thus the whole of the space included by the outline consisted of more or less 
numerous layers of cell-chambers. Even in this case the diagrams B and C wTniki 
again serve to represent two individual cell-chambers, and we miglit suppose the cell 
B just as well situated on the lower side of the shoot A as on its upper side, and 
exactly the same would hold good of the diagram 6 " with respect to the root JF. 
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I may remark here that the reader can only hope to understand the phenomena 
of geotropism if he reflects most carefully on the considerations connected with 
Fig. 383, and makes them perfectly clear to himself. 

Nevertheless the preceding simply shows how ,we have to figure the geotropic 
up and down curvatures in space; though nothing has there been said as to the 
cause of the change. We may now attempt to make this latter clearer. 

It is sufficient then, as said, to place parts capable of growth out of their 
usual position, the erect one for instance, into another, e. g. the horizontal; this 
suffices as an external impulse or stimulus, which alters the processes of growth as 
shown in Fig. 383. By thus placing the perpendicularly (upwards or downwards) 
growing parts horizontally or obliquely, however, no more has happened than 
a change of their position with respect to the radius of the earth; and the next 
question is as to how far this can act as a stimulus on the growing parts. 
There is nothing for it here but to suppose the vertical line representing the 
radius of the earth as the direction in which a force of some kind is acting, 
which influences the growth of the plant-organ, and that the main point is what 
angle this force makes with the axis of growth of the organ. Every change of 
this angle acts as a stimulus by which the growth is so influenced that the above 
described differences between the upper and lower sides appear, until the younger 
still growing portions again stand in the same direction to the radius of the earth 
as before. 

Now there is but one known force which acts everywhere at the surface of the 
earth, where plants grow, in the direction of the radius of the earth ; and that is gravita- 
tion — the attraction of the mass of the earth. The mere reflection that the relative 
directions of the organs of plants of like kind with respect to the earth’s radius 
at different points of the earth’s surface are the same in every place, shows at 
once that gravitation alone can be concerned here ; if at our antipodes, or in South 
America, or in Japan, and therefore at the most different points on the globe, the stein 
of a Fir grows vertically upwards and its primary root vertically downwards, that means 
in other words that at each of these places the apical bud of the stem grows away 
from the centre of gravity of the earth, while the tip of the primary root, on the 
contrary, behaves as if it were attracted by the centre of gravity of the earth; or, 
both organs behave as if affected by a force supposed to be radiating in all 
directions from the centre of gravity of the earth. There is, however, only one 
such force, and that is gravitation — the attraction of the mass of the earth — the 
force which causes a pendulum to hang downwards, and an air-balloon to ascend 
vertically upw^ards. It is this force, therefore, which affects the growth of the 
plant-organ, as is shown particularly clearly when the longitudinal axis of a 
plant-organ is placed in a different direction, with reference to gravitation, than that 
in which it had hitherto been growing, and it is well to notice that this stimulus 
continues until every organ of the plant has resumed that direction which accords 
with its internal nature; or, we may also say, every plant-organ has its peculiar 
proper angle, i. e. the property of growing at a definite angle with respect to 
the direction of gravitation, and if this is accidentally altered, of curving until its axis 
of growth again forms the same angle with the vertical. 

These reflections, with the necessary clearness of thought, should suffice to 
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recognise in gravitation the cause Avhich influences growth in the geotropic 
curvatures; but this recognition was, as a matter of fact, obtained in quite another 
manner. It is usually by round-about paths that truth is detected, because the 
direct path to it in most cases requires greater clearness of thought : so it was here. 
The fact that it is gravitation which influences the growth of the plant was demon- 
strated in 1806 by an Englishman named Knight, as follows. He exposed seedlings 
to the continued action of centrifugal force, by submitting them to rapid rotation 



Fig. 3S4.— The axis a is kept in continual rapid rotation. To it is fixed the circular 
disc rr supportingf the circular plate of cork On tliis, by means of two iit;«cl!es in each 
case, the seedlings A and B are fixed, st the plumule: h the prinuuy root. The lateral 
roots are all curved outwards in consequence of the rapid rotation, glass cover: .v axis 

of rotation. 

either in the vertical or the horizontal plane. It was shown that the growing 
root-apices behaved in this case exactly as if they were simply projected from 
the centre of rotation like the weight of a pendulum made witit a thread and swung 
rapidly round in the hand; while the shoot of the seedling behaved in e.xactly the 
contrary manner, and grew towards the centre of rotation. 

In the case of centrifugal force, as in that of gravitation, it is also an effect of 
mass which comes into play, and it was in this fact that Knight perceived the 
proof that the geotropic directions of plant-organs generally are" produced simply 
by the action of the mass of matter, and such an action could only be referred to 
Uie centre of gravity of the earth. It is clear, however, tliat thi.s kind of proof 
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necessitates much more complicated intellectual exercise than the reflections given 
above, which lead to the same conclusions much more simply. 

It will probably be not undesirable for the reader to learn, at least as an 
example, how the action of centrifugal force on the direction of growth of the 
organs of plants can be demonstrated, and this more conveniently than Knight 
did it. I refer therefore to Fig. 384 and its explanation. 

If, then, it is gravitation, which we suppose to be situated in the centre of 
gravity of the earth, so to speak, and the action of which, takes place in the direction 
of the earth’s radius, or, what is the same thing, in the vertical line, it must be 
possible to nullify this action by compelling growing plants to continually alter their 
direction with respect to the vertical, in such a manner that the gravitation acts 
on the symmetrically opposite sides of a growing part of a plant for equal periods 
in opposite directions. Starting from this reflection I constructed an apparatus 
which I called the Klinostat. This apparatus, which may be constructed in very 
different ways, has essentially the one object of slowly rotating, by means of clock- 
work or other motive power, a solid rod of wood or metal which must be exactly 
horizontal, and this so that a rotation is completed in 15-20 minutes. On this rod 
in Fig. 385) growing plants, e. g. seedlings, may be so fixed that they participate 
in the rotation of the rod without hindrance to their further growth. It matters not 
in what direction the growing organs are fastened on the rotating axis as long as the 
rotation is equable, so that every growing part of the plant turns the same side up- 
w^ards as well as downwards during equal periods of time, so that the influence pro- 
ceeding from the centre of gravity of the earth must act on the growing portions of 
the plant during equal periods in exactly contrary directions. If this occurs, no action 
of gravitation whatever can make itself effective on the direction of growth, since a 
longer or shorter time is necessary for this, and before the part of the plant has had 
time to make a curvature downwards or upwards, it finds itself already, in conse- 
quence of the rotation, again in a position wKich \vould necessitate its making the 
exactly contrary curvature, and thus no curvature at all is accomplished: it goes 
on growing in exactly the direction arbit 3 ;ariiy given to it w’hen it -was fastened to 
the axis. 

After these preliminary remarks, I may now attempt to describe more exactly 
the processes which take place during tlje geotropic curvatures upwards or down- 
wards. Here I find myself in the agreeable position of being able to depend, step 
by step, on my own very detailed investigations. 

We may first consider the upward curvature of shoot-axes which normally grow 
erect 

My observations have been made chiefly with the thick, rigid, long internodes of 
such flower-stalks as attain considerable heights in short periods, and the smooth 
surfaces of which admit of being marked with Indian ink, and of exact measurement 
of the marked portions. The measurements on the straight shoots, as well as on the 
concave and convex sides of curved ones, were accomplished by means of flexible 
rules stamped on stiff paper. 

In order to be able to criticise the processes during the up-curving of shoot-axes 
it is necessary to be previously acquainted with the distribution of growth in them : 
this has already been described in Lecture XXXIL At first the whole internode, as 
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well as the shoot consisting of several internodes, is elongating; subsequently the 
growth ceases at the base of the segmented stem, and only a certain portion of it 
beneath the apical bud forms the growing region— the region capable of geotropic 
curvature. In the case of individual intemodes of sharply segmented shoot-axes, the 
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Pig. .1S5.— a klinostat. a the clockwork, with weight and penduhim, whicli slowh’ rotate-'- the axis 
!> b : on this axis is fixed a cube of bread at con which a b'ungus [Phycotnyces) is growing. The ntiddie 
portion of the axis is surrounded by a glass bo.x: d, which stands on a dish filled with water, in order to 
keep the air around the pdant moist (about nat. size), 

subsequent growing region may be situated near either the apex or the base : apical 
growth is the usual* basal growth the rarer case. 

The length of the growing region, if parts which are already fully developed are 
present, is at a certain time at a maximum and then decreases, to fall to zero finally 
when the whole stem is fully developed. In that middle period I found, in cases 
where the growing region was very long, the lengths quoted on page 543. 
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Within this growing region then, as has already been mentioned, the rapidity of 
growth is so distributed that it increases from the bud up to a certain distance from 
it, reaches a maximum, and then declines further back from the bud, and inally passes 
over into the region of fully grown parts. In this connection stems with many joints 
which do not form pronounced nodes (e. g. Asparagus) behave like individual long 
internodes, such as the scapes of the Leek. If, on the contrary, the shoot-axis is 
sharply segmented into separate internodes, as in the case of Polygommi Sieholdi^ 
each internode exhibits its own curve of partial growths which increase upwards from 
the node next below, attain a maximum at some one place, and again decrease up to the 
node next above. The form of the geotropic curve in this case suffers interruptions at 
the nodes. Apart from these matters, however, all that has been said of single long 
internodes or that is to be said of shoot- axes with many leaves and no joints, applies 
ill general and in detail to a jointed stem. 

To understand the form of the geotropic curvature, however, a few other points 
have still to be mentioned. In the first place, every transverse zone of a grow- 
ing stem first begins to grow slowly, then grows more rapidly and reaches a 
maximum, and then slackens in growth till it finally ceases. The more rapid the 
growth is at one place, the more pronounced the curvature it experiences through 
geotropism. The rapidity, however, with which the geotropic curvature occurs, 
depends in addition essentially upon the thickness and elasticity of the part capable of 
curvature, since it is obvious that a thick shoot in order to make the same curvature 
as a thinner one, must suffer a greater difference in the length of the convex and 
concave sides; for which a relatively longer time is necessary, and that this also needs 
a greater expenditure of force where the elasticity is greater. Moreover the curva- 
ture which actually takes place at any place on the shoot-axis depends upon how 
long this has been submitted to the influence of gravity transverse to its longitudinal 
axis, and, further, the after-effect which makes itself especially marked in the case of 
geotropic curvature comes into consideration. Shoots or single internodes which have 
been lying horizontally for one or two hours without curving perceptibly, may, when 
subsequently placed erect or fixed on a klinostat, become curved eventually in con- 
sequence of the geotropic influence to which they were previously subjected. 

Finally, in criticising the form of curvature exhibited after some time by an ortho- 
tropic shoot laid horizontally, in consequence of geotropism, the circumstance has 
to be considered at what angle the vertical cuts the longitudinal axis of the shoot. 
Experiment teaches that a shoot wEich is at first vertical and then placed obliquely, 
is less strongly affected geotropically than if it had been laid horizontally : the 
geotropic stimulation is the greater the nearer the inclination of the shoot-axis to the 
vertical approaches a right-angle. If a shoot with a long growing region is laid 
horizontally, and geotropic curvature then begins, the anterior portions situated 
nearer to the bud will soon become erect, not only on account of their own geo- 
tropism, but also passively on account of the curving of the older portions, and by 
this means they come into a position in which gravitation is acting only at an acute 
angle, and thus exerts a more feeble g'eotfopic action. 

The co-operation of these very dififerent factors brings it about that the form of 
the curvature, so long as the geotropic movement is taking place at all, is continually 
changing, even in the same shoot, and that it is different in different shoots. Only the 
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filial effect is the same, i.e. the whole growing region finally erects itself vertically, 
and then goes on growing in that direction. 

In order to avoid unnecessary details, and still to give an idea of how geotropic 
erection of a shoot laid horizontally is finally accomplished, we may suppose that 
a hcd, in Fig. 386, is a shoot ivhich growls at the apex, the bud of ivhich is 
indicated by the arrow-head. A few hours after it was laid horizontally, it had 
assumed the form efcd\ it is noticed that the fully developed portion cd now, as 
also subsequently, undergoes no alteration, whereas the still growing portion e f c has 
undergone a curvature which is nearly the arc of a circle. Some hours later, again, 
this portion of the shoot-axis has assumed the form ghc*^ in consequence of the 
geotropic after-effect, the region /2, which is here that of strongest growth, has 
curved so much that the part hg has been carried passively back beyond the vertical. 
This phenomenon, however, comes forth clearly only in the case of very vigorously 
growing, long, and especially thin shoots ; in those of the Corn-flower {Agro- 


m 



stemma Gifhago\ for instance, the part^A may after 6-8 hours be directed not only 
horizontally but obliquely downwards and backwards. Fig. 386, however, represents 
the curvatures of a horizontally laid flower-scape of a bulbous-plant, Allium airo- 
purpureum. When the apical portion then, has assumed the posiiion indicated, 
it is once more submitted to geotropic influence, which, however, must induce a 
curvature in a direction opposed to the preceding one, while at the same time the 
part he goes on further erecting itself in the same W'ay as before; hence the whole 
growing portion now obtains the form zTv, and this subsequently |>asses over into 
the still more erect and elongated form zz r, which finally extends itself perfectly 
straight. It is to be noticed that at last the persistent curvature of the geotro]>ically 
erected shoot lies in the region nt\ i.e. in that region where, during the wliole |>ro- 
cess, the growth in length was at first slow and then ceased altogether. This region 
is, by its connection with the fully developed portion cd^ in the most favourable posiiion 
to remain nearly at right-angles to the direction of gravity for a long time, and 
thus to be submitted to strong geotropic influence during the whole |)rocess, aUhougli 
all other factors in the process are not favourable to the curvature of just this |vart. 
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It may thus be said, in a completely erect shoot the strongest and finally per- 
manent curvature is at that place which offers most resistance to the influence of 
geotropism. 

The erection of a shoot-axis by geotropism is, as we see, the result of somewhat 
complicated movements, which are influenced by numerous accessory causes ; 
nevertheless the final erection in the case of fairly sensitive shoot-axes is mathe- 
matically exact, i- e. even the feeblest curvatures which arise in the -course of 
the geotropic movement become at last so compensated that the growing parts again 
become perfectly straight and upright. This is seen with extraordinary clearness, for 
example, in the case of one of our most remarkable water-plants, Uirimlaria mil’ 
garis ; the primary shoot of this plant, with its finely divided leaves, floats horizontal 
and quite free on the water, only the flower-scape rising perfectly vertically, 15-20 cm. 
into the air, although the slightest obliquity suffices to turn the horizontally 
floating main shoot round, so that the flower-scape falls horizontally on the water.. 

It scarcely needs mention that what has been so far said as to the upward 
curving refers to the commonest cases only ; there are several others in addition, 
where the behaviour is different on account of the organisation of the parts concerned. 

I will only dwell upon two cases, in both of which, however, it is not strictly 
the geotropic erection of shoot-axes which is concerned, but of peculiarly organised 
parts of leaves. I here refer to the so-called nodes on the haulms of Grasses, and 
the motile organs of compound leaves, especially those of the Leguminosse, already 
so fully considered. These organs, when their leaves are completely developed, 
also cease to grow, it is true, but their anatomical and physiological constitution 
betray the fact that they are, so to speak, in a persistent condition of youth ; their 
parenchyma is highly turgescent, and the lignification of the bundles is suppressed, 
and, above all, these organs (especially the nodes of Grasses) can be impelled to renew 
their growth simply by being laid in a horizontal or oblique position. 

On the fully developed haulms of the Grasses, to which group our cereals belong 
— Wheat, Barley, Rye, Oats, Maize, there are to be noticed at considerable 
distances (5-30 cm. or more) apart* certain knot- like swellings, sharply marked off 
from the thin cylindrical parts, and usually coloured differently. If the haulm is 
split longitudinally, it is easily seen that the knot in question is nothing further 
than the annular and strongly thickened basal zone of a leaf-sheath, which envelopes 
the internode of the shoot -axis above the knot as a very thin but stiff inrolled 
sheath. In young haulms these internodes are very tender and flexible ; the rigidity 
and elasticity of haulms not yet quite mature depend entirely upon the firmness 
of these leaf-sheaths. 

On bending a haulm sharply above the soil, so that the’ whole of its apical 
portion, about i m. long, comes to lie horizontally, it is noticed after 2-4 days that 
knee-like curvatures, have been formed at its nodes, in consequence of which the 
apical portion of the haulm has again erected itself vertically; as a rule 2-3 nodes 
take part in this change. It is sufficient moreover if pieces of the haulm con- 
taining one or a few nodes are cut off and placed horizontally with one end, it matters 
not which, in damp sand, to obtain after a few days the same strong knee-like 
curvatures. These knee -like formations are produced exclusively by the nodes 
referred to, the other portions of the haulm exhibiting no geotropic curvatures what- 
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ever; the curvature of the node is due to the fact that its under side when placed in 
^ the. unwonted horizontal position becomes 

elongated vigorously by means of growth, 
while the upper side grows feebly or 
not at all, and in fact often shortens 
considerably. If the piece of haulm with 

Fig. 387.— a piece of the haulm of the wheat t . 

laid horizontally, \vith its nodes curved the curved iiodc IS tumed SO that the 

upwards. 

convex side comes to lie uppermost, then 



what \vas previously the upper side of the 
node which had become concave begins 
to grow also, and just as strongly ; it 
therefore becomes straight and is thus at 
last much elongated, whereas a similar 
node on a piece of haulm treated in the 
same way, but which remains erect, shows 
no elongation of any kind. The convex 
under side of a strongly curved node ap- 
pears smooth, translucent, and bright; the 
concave upper side dark and rough from 
minute transverse folds. On this side more- 
over there is often perceived a deep in- 
folding, looking as if the node had been 
artificially bent till it cracked ; this evi- 
dently depends upon the fact that the 
lower side as it vigorously elongates and 
curves upwards compresses the tissue of 
the passive upper side, a process which is 
intensified by the latter in its turn losing 
water, as can be. concluded with certainty 
from the very considerable shortening. Of 
my very numerous measurements in this 
connection, I will only quote one in illus- 
tration of -what has been said. A node of 
the Maize, about 12 mm. thick, was 5 mm. 
long on all sides : after it had Iain six days 
in a horizontal position the upper side had 
become shortened In* 0*5 mm. (i. e. of 
its original length), while the lower side 
had become elongated by 7*5 mm., i.e. 
to 1 2*5 mm. In other cases, however, the 
shortening of the upper side was still 
more considerable, (e. g, from 4 mm. to 


FIG. 3SS. —Portion of .1 Scarlet Runner which. 
ori5?inaIly growing' erect, has been for some hours turned 
upside down to show the geotropic curvatures of the 
niotiie organs P, Pu /’a* 


3,) w^hile the length of the under side 
increased from 5 mm. to ii. ^Microscopic 
examination shows tliat the ceils of the 


epidermis and of the parenchyma of the lower half of the node have elongated 
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to an extent corresponding to the above numbers, but without undergoing transverse 
division. As in all similar cases of curvatures due to growth— erg. even in the case of 
tendrils and, as we shall see later, of geotropically curved root-apices— the tissue of 
the side which has become convex consists of large cells, containing abundance of 
water and relatively little protoplasm ; that of the concave side, like very young 
tissue, of small cells with little water and much protoplasm. 

That the motile organs of periodically motile compound leaves can execute 
geotropic curvatures I first showed in 1865 in my ' Handbook,' employing the figure 
here reproduced (Fig. 388): it represents a young Kidney Bean which together with 
its flower-pot was placed for about 4-6 hours in an inverted position, with the apex 
downwards and excluded from light The petioles had the directions indicated by 
the arrow^s when the plant was inverted; but in consequence of geotropism the 
motile organs became curved as represented in the figure, and thus the 

petioles, which are not at all geotropic on their own account, assumed the positions 
shown. Pfeffer sho\ved subsequently that in these geotropic curvatures of the motile 
organs, it is not a corresponding growth of the down-turned upper sides which 
occurs, but only a very considerable extension of the cells, combined with the taking 
up of water, and later, when the plant is once more placed upright this is again 
completely compensated after about 24 hours. It is not until the plant has remained in 
the inverted’ position for several days that a permanent elongation by growth takes 
place on the convex side. The motile organs therefore afford an opportunity of 
confirming the theory of growth which I had previously established, in so far that, 
'according to this theory, any growth of the cell-walls is preceded by marked ex- 
tension due to turgescence, and this, as we see, can be again annulled even though 
it has attained a very considerable value, because the growth which takes place, in 
consequence of the extension due to turgescence, only follows some time after- 
wards. 

Passing now to a more detailed description of the processes which occur during 
the downward curvature due to geotropism, I shall again select an object which, in 
consequence of the geotropic stimulation, finally places its free end quite vertical 
This is very generally the case with the primary roots of the seedlings of Dicoty- 
ledons, although other organs also, e. g. the first seed-leaf of many Monocotyledons, 
such as the Kitchen Onion and the Date Palm, behave similarl}^, and again many 
lateral roots, especially those springing from stems, enter the earth vertically. The 
lateral roots w'hich grow obliquely downwards, and other organs which behave 
similarly, I shall for the time being leave out of consideration; we are only con- 
cerned with rendering clear what happens in the case mentioned. 

In such experiments with roots not only is great precaution necessary, but also 
the experience of years and an extensive knowdedge of vegetable physiology, to 
avoid falling into errors, as did Charles Darwin and his son Francis, who, on the 
basis of experiments w^hich were unskilfully made and improperly explained, came 
to the conclusion, as wonderful as it was sensational, that the growing-point of the 
root, like the brain of an animal, dominates the various movements in the root. 

It is not necessary here to enter in any way into a refutation of this view, since 
this has been done by Detlefsen in the most forcible manner. It is true that, to 
demonstrate the geotropic irritability of a root from wdiich the growing-point has 
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been cut off, is a matter of some difficulty. But if Darwin’s view were correct it is 
probable that in the "case of geotropic shoots also the growing-point at the end of 
the shoot-axis plays a similar part; this is, however, by no means the case, as I 
showed long ago, since pieces of growing shoot-axes from which not merely 
the growing-point but even the whole apical portion has been removed, are able to 
make vigorous geotropic curvatures, and even thin lamellae prepared by means 
of two longitudinal sections from such decapitated shoots are still geotropically 
irritable. 

For roots also the statement holds good, that only the parts which are growing in 
length react geotropically, and are therefore capable of curving, and that the 
curvature is due to alterations in growth. Since now the whole of the growing 
region, as has already been repeatedly shown, is usually 
but 8-10 mm. long, even in the case of thick strong 
primary roots, and the curvature makes itself evident only 
in the middle transverse zones of this portion^ — i. e. the 
zones which are growing most actively— the curvature of 
roots in general appears to be much more pronounced than 
in the case of long geotropically curved shoot-axes ; or, 
in other words, the radius of curvature is much smaller. 

The accompanying figure (Fig. 389) affords a 
sufficiently clear idea of the manner in which a vigor- 
ous primary root, previously growing vertically, when 
laid horizontally in loose damp soil, curves down- 
wards behind a thin plate of talc. The six marks in- 
dicated were drawn on the root with Indian ink, so 
that the mark o denoted the growing-point enclosed 
in its root-cap, while the others were about 2 mm. 
apart from one another. On the transparent plate of 
talc, behind which the root was situated, a triangular 
index of paper was gummed, as shown in the figure, 
and by the aid of this the movements of the root-apex 
could be better determined ; the figure shows how, in 

FIG. 389.— The growing end of the ^ ’ 

radicle of a Bean, curving under the coiisequence of the growth in length, the marks o, i, 

influence of geotropism. ■ ^ . 

2, &c. gradually pass beyond the point of the index, 
because they are driven forward by the elongation of the parts lying behind. 
The relative displacement of the marks shows at the same time the distribution of 
growth within this region; at first it is the portion 2-3 which elongates most, 
then the piece 1-2 grows more strongly, and finally the principal elongation takes 
place in the youngest portion o-i. The oldest portion 4-5 has grown but little 
during the observation, because it was already towards the end of its growing 
phase at the beginning of the experiment, and, during the course of the experiment, 
soon ceased to grow altogether ; similarly with the portion 3-4. In the figure, A 
denotes the condition of the root at the commencement of the experiment ; i? 
after i hour; C after 2 hours ; D after ^ and after 23 hours. 

The curvature is, as observed, after two hours (C) distributed along the whole 
of the growing region, though still feeble everywhere ; after seven hours (D) the 
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curvature is most pronounced in the region i, 2, 3, where also most elongation 
has taken place* By means of the curvature, again, the piece z-2, and still more 
the piece o- 1, has come into a position where it is directed nearly vertically down- 
wards, and where the active component of the force of gravity can exert but a very 
feeble geotropic influence; the very feeble curvature obtained at the beginning 
of the part 1-2 is thus no longer appreciably increased, whereas the part 2-3 in 
consequence of its more favourable position, in which it is still cut by the direction 
of gravity at a tolerably large angle, becomes still more curved. From all that 
has been said, it will be noted that the youngest part o-i becomes directed down- 
ward chiefly passively, by means of the curvature of the parts lying behind it, 
and when it has attained this vertical direction it simply goes on growing in it. 

The careful observation of numerous roots by this and other methods leaves 
no doubt that the geotropic processes are here in all essential points the same 
as in the up-curving of shoot-axes, only they take place in exactly the opposite 
direction, and on this account it is quite correct to distinguish the two phenomena 
by means of the terms positive and negative. Moreover, as I have demonstrated, 
the down-curving of roots agrees with the up-curving of shoot-axes in that a re- 
tardation of the elongation of the axis of growth occurs during the curvature, while 
the side which will be convex grows more strongly and that which will be concave 
more feebly than would be the case in the vertical direction. 

The proof of the identity of the processes resulting in positive and negative 
curvature w’hich I brought forward, was important because not only Knight but 
Hofmeister also had referred the down-curving of roots to essentially other causes 
than those to which the up-curving of shoot-axes is due. In particular, it was 
believed that the down-curving of the root must be regarded as the mere sinking 
of a viscous pasty mass. This view was opposed by Frank, among others ; and it 
is, in fact, utterly erroneous, as can be demonstrated at once by compelling the 
down-curving root to set in motion a weight much greater than its own. For 
this purpose I have placed vigorous roots horizontally and with their apices sub- 
merged in a small shallow^ vesseT full of water, from which a thread, suspending a 
weight of 1-1*5 gr., was carried over a pulley. Should the root-apex curve down- 
wards it must set the weight in motion ; and this actually occurred. The experiment 
illustrated in Fig. 390 is simpler and more elegant, but is of course less obvious: the 
result, however, is the same. A seedling of the Broad Bean (Fzirzh Fabd)^ the root and 
plumule of which were perfectly straight, was fixed into the piece of cork k by means of 
a needle, so that the root-apex lay horizontally on the surface of the mercury, figured 
black: 7in denotes a thin layer of water on the mercury. After about 24 hours the 
seedling had taken the form represented in the figure. The plumule with its sharply 
curved bud had become directed vertically upwards ; but the tip of the root had 
become directed vertically downwards in the usual way, having meanwhile 
penetrated the mercury (which is about 13*6 times as heavy as the watery substance 
of the root) to the depth of about i cm. Thus the part which had penetrated the 
mercury had displaced a weight 13*6 times as great as its own. It is obvious that 
the weight of the mercury presents an equivalent resistance to the entrance of the 
root-apex, and this makes itself evident in the figure by a curvature resembling 
a drawn out S being produced behind the curve due to geotropism. More- 
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over, the entrance of roots into the earth, and the driving in of the root-apex, 
in which process the particles of soil naust be pushed asunder, show that the 
movement can by no means be compared to that of a flowing viscous mass ; the 
root-apex, on the contrary, penetrates the earth much as does ■ the point of a nail 
hammered into a board, or as a worm does. In thus entering a heavy or co- 
herent substance a point of application must of course exist: this is afforded in 
Fig. 390 by the fixing of the seed with the needle. If such a point of application 
does not exist the root-apex cannot penetrate into the mercury, but executes sinuous 
movements on its surface. This is why it is so important that germinating seeds 
should not simply lie on the surface of the soil, but should be covered with 
a layer of earth sufficiently thick to enable them to offer sufficient resistance so as 
to maintain their equilibrium whilst the root is penetrating into the deeper layers. 
Germinating seeds which are not covered, or are too slightly covered, turn their root- 
apices downwards, it is true, but they cannot penetrate into the earth, because the 
small seed does not offer sufficient resistance. It is to be remarked, however, that 



FIG. 390.— A seedling of I'lcui Fctht, the radicle and plumule of which had gi-own straight ra the erect position ; the seedling 
was then laid horiisontally on the surface of the mercury. 

seedlings possess manifold adaptations in order that even when they are not covered, 
or insufficiently so, they may cling fast to the surface of the soil, so that the root- 
apex obtains a point of application on entry; this is often accomplished by means 
of numerous root-hairs being developed very early and fixing themselves into the 
soil. 

With respect to the phenomena of Heliotropism, I may treat of them much more 
shortly than with respect to those of Geotropism, because, as we shall see immedi- 
ately, they agree completely in all essential points: the effects of heliotropie 
stimulation are exactly like those of geotropic, only the stimulus is a different one, 
namely, Light. However, it is first necessary to describe generally the lihenomena to 
be here spoken of. In the case of plants growing in the open or in a garden 
there is usually not much to be seen of heliotropie effects, especially if the 
plants are nearly equally illuminated on all sides, as happens when the light is 
reflected in all directions from clouds, &c. The direct light from the sun of course 
produces unilateral illumination, but the source of light revolves, so to speak, around 
the plant, and thus a similar effect is produced to that which I have already described 
in connection with the apparatus on page 561. Nevertheless, in very sensitive plants, 
e.g. young Flax-stems and flower-shoots of the Sunflower (the latter being named 
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Sunflower, on that account), it is possible to notice how its apical parts 

follow the course of the sun from morn to eve, always inclining towards it. 

The point is, then, that growing parts of the plant should be illuminated 
from one side only, or at any rate more strongly there than on the opposite side; hence 
in most plants cultivated in a room or in a greenhouse very evident heliotropic 
curvatures of the shoot-axes, petioles, and, in part, the lamina itself may be noticed. 
Apart from exceptions to be mentioned later, the apical portions of the shoot become 
directed towards the window and curved convex on the side next the room : petioles 
behave similarly as a rule, and, in general, by means of the heliotropism of both, 
the final effect is that the laminae, especially if freely movable on long stalks, 
assume such a position that the upper side 
presents itself approximately at right-angles 
to the strongest incident rays of light. This 
betrays at the same time the chief purpose 
of the heliotropic curvatures : in combina- 
tion with their geotropic properties, the helio- 
tropism of the shoot-axes and leaves acts in 
such a way as to place these organs in posi- 
tions favourable to the w^ell-being of the 
plant. In this sense it is also to be under- 
stood that some organs, in accordance with 
special relations of life of the plant, turn their 
free ends away from the source of light to- 
wvards the darkest side, and thus behave as 
negatively heliotropic in contrast to the above 
described positively heliotropic ones: this is 
the case, for example, with the aerial roots 
which serve for climbing in Aroids, &c,, as 
well as the climbing shoot-axes of the 
common Ivy, which, ’when cultivated in a 
room, ahvays tend to curve away from 
the windo’w. It is very remarkable also that 

roots, which normally grow beneatn the «///«), showing the heliotropic curvature of the shoot. 

soil, when cultivated in transparent water or axis and loot. 

in moist air, prove to be heliotropic, some of them positively, others negatively; these 
loots thus possess in their heliotropism a form of irritability from which, under 
normal conditions of life, they derive no use whatever, and which therefore certainly 
cannot have been inherited by them according to Darwinian principles. 

However, these remarks are merely preliminary. In order to study the pheno- 
mena themselves more closely, we may avail ourselves of a very simple experi- 
ment. We assume the seedling of the White Mustard {Smapis AIba\ shown 
in the accompanying figure (Fig. 391), to have its root bde submerged in clear 
water nn, contained in a transparent glass vessel We further suppose the plant 
to be fixed in this position in any convenient manner, and to have been placed 
hitherto either in the dark or on a horizontal revolving disc in the light, so that it was 
either not illuminated at all or was equally so on all sides. In both cases the primary 
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root grows downwards perfectly vertically, and the primary stem vertically upwards. 
We now place the vessel in the middle of a room, so that the plant is lighted from 
the left, as shown by the arrows, and preferably so that the rays of light meet the 
root and shoot at right-angles or nearly so. Even after 1-2 hours it will be seen that 
the growing parts of the plant have made the curvatures shown in the figure, and 
these after a few hours are considerably more pronounced; the plumule has bent over 
towards the window whence the light comes, and the illuminated side has become 
concave, i.e. it is positively heliotropic, and since at this time the upper two -thirds of 
the length of the organ are still grooving, the whole of this region has become curved : 
the lower portion, already fully developed, has remained straight. 

The root of this plant is negatively heliotropic and has become so curved at d 
(since growth was still proceeding at this part), that the convex side is turned towards 
the source of light, and the free root-apex e accordingly aw*ay from it. The part 
of the root d, which was already fully growm before the experiment began, has 
remained quite straight. 

The positive and negative curvatures of the heliotropic parts lie in the same 
verticai plane, which may be supposed to extend from the source of light to the dark 
side of the room. 

What has been said sufficiently describes the heliotropic behaviour of most 
plants; of course there are also other cases, just as -with geotropism, where, in con- 
sequence of the stimulus of light, the growing parts of plants tend to place them- 
selves transversely or obliquely to the incident ray of light, but I shall take these 
and other cases into account in the next lecture; meanwhile, we here keep in view 
only the typical case illustrated by the figure. 

In the plant experimented with in Fig. 391, however, neither the positive nor 
the negative heliotropism can properly exert its full effect, since the organs con- 
cerned are at the same time geotropically irritable also. If, then, in consequence of 
the stimulus of light, the apical part at a assumes an oblique or even horizontal 
position, the geotropic stimulation comes into play, in consequence of which 
it strives to become erect. The curvature which it actually presents after 
several hours, therefore, results from two tendencies— the inclination towards the 
light, and the tendency to erect itself. The plumule is thus in a position of iinslable 
equilibrium between two mutually opposing forces : on shading the plant, the 
plumule becomes erect because the heliotropic curvature is then feebler ; on 
illuminating it more strongly, the heliotropic curvature prevails over the tendency 
to geotropic erection, and the same (but with the converse result) would apply to the 
negative curvature of the root. 

If, therefore, for the purpose of more exact investigations, tlie hclioiropic 
curvatures are to be made visible in their pure form, the action of geotropism must 
be eliminated. This can be accomplished by fixing the plant to the klinostai described 
above (p. 684), and placing the axis of the instrument so that it stands at right- 
angles to the window; on then fixing the plant so that it stands at riglit-angles to the 
axis of the kliiiostat, and thus revolves in a plane parallel to the window-panes, 
the effect of geotropism is eliminated, while the plant is continually illuminated from 
one side and can therefore show the heliotropic stimulation free from secondary 
influences. In this way Hermann Mtiller (of Thurgaii), who was then my assistant, 
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made a long series of investigations during the summers of 1874 and 1875, with 
much skill and with excellent results. 

The object of his investigation was suggested bj theoretical considerations W’hich 
I then put forward as to the true nature of heliotropism. It was necessarj to refute 
the antiquated and no longer serviceable, though in its time very plausible view of 
Pyrame de Candolle. According to this, heliotropic curvature was to be looked 
upon as the result of one-sided etiolations; since shoot-axes in the dark or in shade 
elongate more rapidly than when illuminated strongly on all sides, he assumed that in 
heliotropic curvature the side turned a\vay from the source of light grow’s more rapidly 
than the illuminated side. This explanation seemed quite sufficient for ordinary 
cases of positive heliotropism, but various other observers had already sought in 
vain to explain negatively heliotropic curvature also on the basis of De Candolle's 
theory ; at all events it was possible among other things to assume that negatively 
heliotropic organs, the above Mustard root, for example, or the aerial roots of Aroids, 
grow more slowly in the dark than in the light. But already observations which had 
been made in my laboratory by Wolkoff, contradicted this assumption, and Hermann 
Muller proved that as a matter of fact even negatively heliotropic roots, exactly like 
positively heliotropic ones, grow more rapidly in the dark than in the light, and the 
same resulted from much older observations by Schmitz on the negatively heliotropic 
and spontaneously luminous mycelial strands of the Rhizomorphs. All this shows 
that De Candolle's theory, although it seems to explain positive heliotropism, can by 
no means be applied to negative heliotropism. But positive and negative organs 
agree as to their heliotropism completely, exactly as with respect to their geotropism, 
only that the effects themselves are in each case opposite, positive or negative. . After 
I had previously established this agreement concerning positive and negative geo- 
tropism, I could scarcely doubt any longer, from the whole position of affairs (which 
of course can only be indicated here), that with respect to positive and negative 
heliotropism, exactly the same would apply. It necessarily followed from this that the 
standpoint assumed by De Candolle must be abandoned, and that the whole subject 
of heliotropism must be looked at in an entirely different way — a view which 
impressed me the more, since according to all the facts then known a striking 
agreement exists between heliotropic and geotropic effects, and at the same time 
I had even then come to see that geotropism and heliotropism are to be looked upon 
as phenomena of irritability. In addition to these reflections, also, I came to the 
conclusion that in heliotropic curvatures the important point is not at all that the one 
side of the part of the plant is illuminated more strongly than the other, but that 
it is rather the direction in which the ray of light passes through the substance 
of the plant. This view became probable to me from the fact that even very thin 
and in the highest degree transparent organs are able to make heliotropic curvatures 
— that is, organs in which the side turned towards the source of light is only a little 
more brightly illuminated than the other. Thus, for example, the root-hairs of the 
Marchantias are negatively heliotropic, whereas the very thin and translucent sporan- 
giophores of Mucor are positively heliotropic. Similar examples are to be found 
also among highly organised plants : the thin stems of the Balsams are extremely 
translucent, and yet they are at the same time strongly heliotropic, whereas, ac- 
cording to De Candolle's theory, it must be premised that heliotropism is the more 
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pronounced the less the light falling on one side penetrates into the tissues of the 
shaded side. 

That in geotropic curvatures the important point is 011I7 as to the direction 
in which gravitation acts on the part of the plant, and that it is not in anyway 
a matter of a stronger effect on the lower side and a feebler effect on the 
upper side, requires no proof ; and these considerations led me to the conclu- 
sion that in the case of heliotropic curvatures also, it might not depend upon 
a difference in ike mtensiiy of the acting force on opposite sides of the organ, but 
that, on the contrary, the heliotropic influence is due to the fact that the rays 
of light enter the tissue of the plant, or even only single cells, in a definite 
direction. 

This view would be rendered highly probable if it were possible to detect 
the same relations between the rays of light and the heliotropic curvature, as I 
had established with respect to gravity for the geotropic curvatures. This re- 
quired demonstration was afforded by Hermann Muller point by point. But 
unfortunately the space here at disposal does not admit of my going more 
particularly into the details of his demonstration : I must therefore refer to Muller's 
excellent treatise mentioned in the notes. 

For nearly eight years I have been able to find no fact which contradicts 
the theory I have proposed, whereas numerous facts only recently established 
are to be pointed to as in its favour. Even in the case of the influence of light 
on the movement of swarm-spores, the important point can only be as to the direc- 
tion of the rays of light, not as to whether the given swarm-spore is illuminated more 
strongly in front or behind. The same applies to the movements of protoplasm, 
in consequence of which the chlorophyll-corpuscles travel in the cells. With these and 
other movements which are produced in plants by light, moreover, the heliotropic 
curvatures agree also in that they are due chiefly to the highly refrangible rays 
of light. If seedlings like that in Fig. 358 are placed in a box which only receives 
such light as has passed through a solution of potassium bichromate, no heiiotropic 
action whatever takes place ; now this light contains only the red, orange, yellow 
and part of the green rays, and appears very bright to tlie eye. If the plant is 
placed in an exactly similar ' box, and receives the light through a dark blue 
solution of ammoniacal oxide of copper, the heiiotropic curvatures occur with the 
same energy as if the plants had been exposed to full daylight ; but this blue light 
only contains -the blue, violet, and ultra-violet rays of the solar ligiit. I obtained 
exactly the same result when the light fell on the plant through sheets of coloured 
glass. Behind a paiie of very dark blue cobalt glass, which transmits red raj's as 
well as the whole of the blue half of the spectrum, the heiiotropic curvatures follow 
as in ordinary daylight. Behind a pane of dark ruby-red glass, which permits the 
passage of very little besides the red rays, no curvature whatever resulted. 

Guillemain examined seedlings in the various parts of the spectrum itself, and 
came to the conclusion that the heiiotropic curvature takes place under the inOuence 
of all the rays, with the exception of the least refrangible heat-rays. According to 
him a maximum effect is produced by the ultra-red and ultra-violet rays. Wkmcr, 
on the contrary, finds that in the objective solar spectrum all kimis of rays, from 
the ultra-red to the ultra-violet, with the exception of the yellow onl}', exert iielio- 
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tropic effects; the greatest stimulating force always resides at the boundary between 
violet and ultra-violet, proceeding thence the effect sinks gradually until the green, 
and suddenly disappears in the yellow part of the spectrum, thence onwards it begins 
again in the orange and ascends up to the ultra-red, where a maximum is reached 
which is smaller than the one first mentioned. In the yellow portion of the 
spectrum there is, according to Wiesner, not only no heliotropic effect wvhatever 
to be noticed, but it even appears that it diminishes the influence of the orange 
and yellow rays. 

The observations behind coloured screens then, do not quite agree with those 
in the objective spectrum; but I have already pointed out in my ' Handbook 
(1865, p. 42) that there are certain sources of error connected with the latter mode of 
observation, and we may be sure that more has yet to be done in the matter. 

Finally we come to the question in what manner do gravity and the rays 
of light act on the processes of growth, that they are able to produce geotropic 
and heliotropic curvatures ? In spite of many hypotheses, however, as good as 
nothing is known about the matter. That when curvature takes place the 
turgescence of multicellular organs increases on the side which becomes convex 
is practically obvious; the question is simply why this takes place when gravity 
or a ray of light meets a geotropic or heliotropic organ transversely or obliquely 
to its longitudinal axis, and why the effect ceases as soon as that axis has assumed 
the direction of gravity or of the ray of light. The question, however, only obtains 
a perfectly clear and strict form if the geotropic and heliotropic curvatures of the 
non-cellular plants also are taken into consideration, where the positive and negative 
curvatures of simple vesicles are concerned, and where there can be no question of 
a difference of turgescence on the convex and concave sides of the organ. 

It would be a poor makeshift to try to explain the geotropic and heliotropic pro- 
cesses in multicellular plants by themselves, and to seek another explanation in the case 
of the non-cellular plants, and this for a very simple reason. If we take the case of 
a single cell in the primary stem or primary root of the Mustard plant considered 
above, which cell is situated in a curved portion, then this one cell behaves exactly 
like a curved non-cellular utricle of Mucor^ Vauckerm, or any other similar structure. 


LECTURE XL. 


THE ANISOTROPY OF THE ORGANS OF PLANTS’. 

I USE the above expression to denote the fact that the different organs of 
the plant assume very various directions of growth under the influence of the same 
external forces. It must be remembered in this connection that the direction in 


^ The first attempt to describe and classify the vital phenomena of plants here considered^ was 
made by Hugo v. Mohl (1836) in his treatise ‘ tfber die Symmefrie der PJianmif^ contained in his 
^Vcrmischten Sckriftcn botanisclmi Inhaifs' (Tubingen, 1845, P* is). Since that, scarcely any one 
troubled himself further about these matters till I again brought the subject into notice in 1870 in my 
^Lehrbiich^ in the second and subsequent editions, in the paragraphs on the directions of gi'owlh. 
Meanwhile Hofmeister had introduced great confusion into this province by neglecting all the facts 
depending on the internal symmetry and other correlations of growth, and by ascribing the directions 
of growth of the organs of plants to the influence of light and of gravitation, and especially in cases 
where this had nothing to do with the matter ; but the worst was that Hofmeister, in the considera- 
tion of the relations of direction of the lateral buds of woody plants, made a scarcely conceivable 
en*or of observation in describing the buds which stand right and left as arising above and below 
on the parent-axis, and drew conclusions therefrom. 

The description given in this lecture is based chiefly on my treatise, published in 1S79, ^Uhcr 
O7'thotrope tmd pIagiot 7 'ope rjianzentheiU"* 1SS2, p. 226), where I 

first made clear the causal relations between orthotropic growth and radial striictiire, and between 
plagiotropic growth and dorsiventral structure. 

More detailed statements, especially as to the directions of growth of the lateral shoots of the 
Coniferse and Begonias are found in my ^ LehrhiicJd (Aufl. Ill and IV) in the paragraphs on direc- 
tions of growth. 

Hydrotropism is treated of in my publication (1S72), ^AhJcnhmig der IVtcrzel 7hm Hirer 
normalen Wacbsihwnsriclitwig dmrh feuchie Korper' (Arb, d. bot, Inst. \V2bg., B. I, 1S74); and in 
my treatise ^ Ubcr Azisschlicssung der gcoiropiscJien und keliotropischcu KrihnmiiiigeH wahrend dcs 
Wacksihens' (Arb. d. bot. Inst. Wzgb., B. II, p. 209), I first pointed out that orthotropic shoots and 
sporangiophores place themselves vertically with respect to the surfaces of a cube rotating on the klino- 
stat, and that this is apparently a consequence of negative hydrotropism. This was then confirmed by 
Wortmann in his treatise, ^ E hi Beitrag zur Biologic der Mueoi'inV (Bot, Zeitg., i8Sr, p. 

The reader superficially acquainted with our literature may be somewhat surprised that I liave 
made no further mention in the preceding series of lectures of Darwin’s book, 'The Power of 
Movement in Plants’ (London, iSSo). I find myself with regard to this book in the most painful 
position, and can only regret th.at the name of Charles Darwin appears on it. The e.xperimcnts 
which he, together with his son, describes, are made without sufficient practical knowledge, and are 
badly interpreted, and what little good is found in the book concerning general views is not new. 
The main conclusion to which Darwin comes in his book, that all the movements of irritability in 
the vegetable kingdom depend upon ' circumnutation/ characterises better than an}‘thing else the 
position which the two authors occupy. It is unnecessary to say anything on this subject. "Detlefsen 
has said sufficient as regards the brain-function of the growing-point of the root (Arb. d. bot, Inst, 
Wzbg., B. II, 1882, p. 637). 
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which any part of a plant grows is determined by its geotropism and heliotropism, 
and we shall see further on that other external influences also are effective to the 
same end. 

Before attempting to understand this phenomenon^ which prevails throughout the 
vegetable kingdom, however, it will be -well to make the fact itself clear by means of a 
fe^v examples. In very many land-plants the original plumule grows vertically upwards, 
and the primary root vertically down- 
wards, and, as we have seen, both in 
consequence of their sensitiveness to the 
influence of gravitation, so long as one- 
sided illumination of any kind does not 
deflect the vertical directions of growth 
into oblique ones by means of heliotropic 
curvatures. But the lateral roots of such 
plants— e.g, Sunflower, Ricmtis, Fir, See . — 
either grow horizontally or descend oblique- 
ly, and the lateral roots of the second 
and higher orders which arise from these 
may grow out in all directions, according 
to their origin. The case is very similar 
with the lateral off-shoots of the vertical 
shoot-axis which is developed from the 
plumule: its leaves assume an oblique or 
horizontal position, the upper side being 
alwaj^s turned towards the light, while 
the lateral shoots grow horizontally, or up- 
wards at an oblique angle. 

In other cases, on the contrary, the 
primary shoot developed from the plumule 
at once grows in a horizontal direction, 
and forms on its un'der side roots which 
descend vertically, and on its flanks or its 
upper side leaves, which bear horizontally 
extended laminae on vertically erect leaf- 
stalks, as for example Fig. 392, and the 
same is true, as has already been stated, 
of the common Bracken Fern, P ter is 
aquilina^ (Fig. 55, p. 60). 

In many tuberous and bulbous plants, and particularly in the case of 
some Aroids, such as Sauromatum, the strong leaf-stalks spring from the subter- 
ranean central body, and likewise become raised vertically upwards, like the stem 
of a Fir. 

It is otherwise, again, in the case of the Ivy, for instance, the shoots of wdiich, 
pressed closely to a wall, rock, tree-trunk, <&c., grow vertically, obliquely, or hori- 
zontally, while the petioles are turned away from this substratum in order to 
present their laminae at right angles to the incident light; whereas the aerial 



Fig. y^'z.-^Marsiiia salvuinx, anterior portion of stem with 
leaves (4 natural size). K terminal bud ; bb leaves ; // sporo- 
carps, arising from the petioles at x. 
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roots turn away from the light and attach themselves closely to the vertical 
substratum. 

In Agarics which grow up from the soil of woods, the stalky which is funda- 
mentally nothing other than a shoot-axis, places itself vertically upright, though the 
iimbrella-Iike pileus is horizontal, and the lamellar, tubular, or conical hymenial pro- 
jections on which the spores are produced, and situated on the under side, are directed 
downwards. I showed in i860 that this depends on geotropic sensitiveness on the 
part of these Fungi ; for if an Agaric which is still growing is placed in a horizontal 
position, the stalk erects itself vertically, till the pileus is horizontal; whereas if this 
erection is prevented, or if it does not follow quickly enough, the lamellae, tubes 
or conical outgrowths of the hymenium make energetic curvatures downwards like 
the ends of primary roots. 

Even stemless Agarics, such as those frequently growing out from the trunks of 
trees, exhibit a similar anisotropy in their various parts. As shown in Fig. 393, Agarics 
grow out from a prostrate horizontal tree trunk from the upper side as well as from 

the hanks, but always so that the ste- 
rile substance of the pileus itself strives 
to assume a horizontal position, while 
the spore-forming hymenial outgrowths 
are directed vertically downwards. 

Exactly similar facts of anisotropy 
are met with in non-celMar plants, e. g. 
the Mucorini, which are so instructive lii 
other respects also. If the spores of a 
Mucor ox Phycomyces are sown on a cube 
of damp bread which, as in Fig, 394, 
is fixed by means of a needle N'N to 
the lid of a large glass cylinder, the 
^ ^ r , r . T 7 bottom of which is cohered with w'atcr, 

FIG. 393 Transverse section of the trunk of a tree, on which ^ 

Fungi (of the genus Thekphora) are gro7vmg, FOOt-like mycelium cxtends itself in 

the substance of the bread, and after 
a few days slender sporangiophores arise on all the surfaces of the cube ; 
those on the horizontal upper surface of the cube of bread at once grow' verti- 
cally upwards, those on the horizontal low'er surface and on the vertical sides, 
at first stand out at right angles to these surfaces, as will appear later, but sub- 
sequently they erect themselves geotropically as shown in the figure at The 
mycelium of the Fungus, however, behaves exactly like a root-system : after it has 
permeated the nutritive substratum, individual branches of the mycelium also come 
out from the lateral surfaces of the cube of bread, but more particularly from its 
horizontal low'er surface, and grow thence dowaiw^ards into the damp air, wiiile their 
lateral branches assume oblique directions. 

Now, whether the parts of plants giw upw''ards, dowmw'ards, horizontally or 
obliquely, depends by no means upon their so-called morphological nature. Organs 
which, and with good reason, receive the same names in descriptive botany, may 
nevertheless assume entirely different directions of growth in different species of 
plants. Shoot-axes, as has already been stated, may grow vertically upwards, 
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obliquely or horizontally, or even vertically downwards, as happens not rarely with 



the lateral shoots of perennial- shrubs and Avater-plants. Thus the first lateral 
shoots of some plants with labiate flowers, as well as those of the Equisetineae 
or Horsetails, penetrate vertically into the earth 
like primary roots, and certain lateral shoots of 
the rhizome of Typha^ Sparganitm^ some spe- 
cies of Potamogeton, and many others behave 
very similarly. It has also been already 
mentioned that leaves may grow horizon- 
tally, obliquely, or even erect; but there exist 
also not a few foliar structures which grow ver- 
tically downwards like primary roots, or, put 
better, are negatively geotropic. Peculiarly 
fine examples of these are found in the first 
seed-leaves or cotyledons of some Monocoty- 
ledons, e. g. the common Kitchen Onion (Fig. 

395) : here, as shown in the figure, the primary 
root together with the plumule is pushed out of the testa by the vigorous elongation 



fig. 393 . 
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of the cotyledon, the filamentous first seed-leaf. If the seed lies on or in the 
soil, so that the tip of the root is directed upwards by this elongation, as in the 
figure (B), then it is not the root but the cotyledon which curves geotropically 
downwards, so that the root-apex is compelled to penetrate into the soil {C and B), 
Those as yet unacquainted with such matters may be not a little surprised 
to see in the germination of the Water-nut {Trapa na/ans), the tip of the root (w 
in Fig. 396) of the seedling direct itself vertically upwards instead of penetrating 
into the soil, but the anomaly is only apparent, for the part // does not belong to the 

primary root at all, but forms the so-called hypo- 
cotyledonary segment of the stem, the rudiment 
of the root at Z£j being completely aborted, and 
not having grown at all it is thus unable to 
accomplish any geotropic curvature downwards. 

Moreover, there are other seedlings which 
exhibit a similar phenomenon, when taken from 
the soil and laid on a damp plate for instance. 
If a portion of the plumule is already developed, 
but the cotyledons still remain fixed in the seed, 
and if the latter is heavy enough, the seed re- 
mains quiescent in consequence of its great 
weight, whereas, in consequence of the geotropic 
up-curving of the seedling-stem, the root-apex 
is carried up because it is lighter; in this case 
of course if the primary root goes on growiilg 
its end may curve downwards. Geotropism, 
exactly like heliotropism, brings about only the 
curvature of sensitive organs, as already de- 
scribed ; which end of the organ is to be 
directed upwards in the process depends entirely 
and simply upon the position of the fixed point 
These examples will suffice to show that in 
anisotropy we are concerned with one of the 
most general properties of vegetable, organiza- 
tion; indeed it' is quite impossible for *;usy,;to 
have any idea of how plants w’oiilcl look, or 
could exist, if their various organs wxn\; not 
anisotropous, and since their anisotropy is nothing other than the expression of 
their different irritability to the influence of gravitation and light, with whicii are 
associated, in some cases, a sensitiveness for unequal distribution of moisture in 
the environment, and probably some other less well-known influences, it is at once 
obvious that it is the different irritability: of the organs from which the external 
configuration of plants in general arises — a statement from w’hich I started in the 
lectures on Organography, Even the most important differences in the biology 
of plants are the expression of the different distribution of anisotropy, of w'hich 
innumerable examples may be quoted. To mention one only, the stem of Palms 
generally grows vertically upwards, but there are also' Palms (rihA//), the primary 



Fig. 396.— Germinating "VVater-nut ( Trapa natans). 
/coats of the fruit; w aborted root; h hypocotyl ; 
c petiole of the large cotyledon which is buried in the 
seed ;£/ the small second cotyledon. Between the 
two cotyledons is the bud pf the primary shoot. 
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stem of \?hicb, with its bud and the large foliage-leaves which it produces, bores down 
into the earth, and since it cannot there advance, being a thick mass, it pushes 
the old, properly lower, part of the stem upwards higher and higher above the 
soil; similarly the great contrast between the common Ivy and its allies, the 
majority of the Araliace^e, lies in their mutual difference in anisotropy: the 
shoot-axes of the Ivy climb, whereas the others erect their shoot-axes independently 
without climbing. The Ivy teaches us, indeed, yet another important fact, viz. that 
the distribution of anisotropy in one and the same plant may alter at different 
periods of life. It is well known that the leaf-shoots of the Ivy do not always climb, 
but that when the plant is old enough leaf-shoots are produced which grow' out 
independently, and then form leaves differently shaped and placed, and finally 
flow'ers and fruits. Another case of this kind is very common with plants w^hich 
form runners or stolons, of which the Straw'berry affords probably the best known 
example. Its sub-aerial stolons grow horizontally, a meter or so in length, and 
at last the terminal bud changes its character : it suddenly produces large foliage- 
leaves in the form of a rosette, and erect fiow'ering shoots. A very similar 
state of affairs exists in the case of many subterranean stolons, e. g. the Umbellifer 
^gopodizmi podagrana, so common in gardens, and which is on that account regarded 
as one of the most troublesome of weeds. To quote a case of quite another kind, 
the great difference in habit between the pyramidal Poplars, as contrasted wdth the 
Black Poplar and other species, depends essentially upon the branching of the 
crowm of the tree : in the pyramidal Poplars all the branches turn sharply upwards, 
whereas in the other species they stand off from the primary stem at large angles ; 
and just this difference can be produced in the formation of varieties, and there- 
fore by very small internal changes. A large number of the most different woody 
plants, which otherwise form broad spreading crowns, produce varieties of the form 
of the pyramidal Poplar, among others the common Juniper {Junipei-iis communis\ 
which even forms a third variety, wdiich is shrubby and has the branches spreading 
along the ground. 

However, all these statements are merely intended to show what is properly 
understood by anisotropy ; and it is now time to examine the facts a little more 
closely. In the investigation of natural phenomena which appear under very 
different aspects, but in which something common to all is felt to be the important 
and essential feature, it is always well first to introduce method so as to refer the 
differences to the fewest types possible. This may best be done in the present case 
by dividing anisotropic organs into two classes, which I have distinguished as 
Orthotropic and Plagiotropic. Orthotropic organs are those which under ordinary 
conditions of life, where the surface of the soil is horizontal and the illumination 
equal on all sides, grow perfectly vertical upw^ards or dowmwards, as for instance 
the primary stems of most trees, particularly of Firs and Pines, and the leafy stem 
arising from the plumule of very many annual plants, such as Sunflow-er, Tobacco, 
Flax, &c.; and, generally, all organs which are positively or negatively geotropic 
or heliotropic, in the \vay described in the preceding lecture. Thus primary roots 
which grow vertically downwards and shoot-axes which tend vertically upwards are 
anisotropic, but resemble one another simply in that both place themselves vertically 
with reference to the place where they grow. In this they differ from all plagiotropic 
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organs, lateral rootlets, side shoots, and leaves, which under the influence of the same 
external forces assume directions oblique to the horizon or even horizontal positions, 
and at the same time strive to present their fiat surfaces at right angles to the 
strongest light. 

True to the fundamental principle which we have throughout adopted, that when 
organs react differently towards the same external influences, this must necessarily 
be caused by a difference in , their organisation, we now inquire in the first place 
whether all orthotropic organs are distinct in their organisation from all plagiotropic 
ones. It can be shown that in very many cases the relations of organisation 
are such as are indicated by the question; for all orthotropic organs are radially 
constructed, and, on the other hand, all dorsiventral structures are plagiotropic. 
Nevertheless it must be added that there are also many plagiotropic organs which 



Fig, 2gj,~-P/iasi’ah{s muittflorus, growing^ in damp soil behind a sheet of glass, h primary root ; n lateral roots of the first 
order; n n lateral roots of the second order. The roughly horizontal line denotes the surface of the soil 

as regards their coarser anatomy appear to possess radial structure, such as obliquely 
growing lateral roots and side-shoots which arise from orthotropic parent-organs ; 
but we may assume in such cases that certain peciiliariiies of structure not yet known, 
and which are not necessarily visible by means of the microscope, determine the 
plagiotropism, and at the same time correlations of growth very often appear to co- 
operate also. For example, as has already been shown, the horizontal or oblitpie 
growth of the branches of a Fir, depends upon the presence of the orthotropic apex 
of the primary stem, and it may be added that a similar dependence exists also 
between the primary and lateral roots of many plants. For example, if the lip of the 
radicle of a Broad Bean or seedling Oak is cut away, one of the lateral roots situated 
immediately above the section grows not obliquely but vertically downwards; it 
becomes orthotropic, and from henceforth replaces the orthotropic primary root. 
Exactly the same thing occurs in the long aerial roots of tropical **Vroidex\ 

Between anisotropy and the correlations of growth generally, the closest 
connection exists. The lateral structures which grow out from a strictly ortholropic 
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radial organ— lateral roots/ side-shoots, leaves, <&c,— are as a rule plagiotropic, and 
in many cases, particularly leaves, are also distinctly dorsi-ventral in structure; and 
conversely, orthotropic petioles with radial structure, and, similarly orthotropic 
radial side-shoots, very commonly arise from plagiotropic shoot-axes. In the case 
of plagiotropic lateral roots this makes itself evident in that they produce lateral 
rootlets of the second and third order which are apparently not geotropic at all, 
as a rule (see Fig. 397). 

The relations between anisotropy and the correlations of growth come out, if 
possible, still more clearly, when plants are allowed to grow on the axis of a klinostat, 
and at the same time the effect of heliotropism is eliminated. Even in this case, where 
gravitation and light can have no effect on the direction of growth of the organs, 
they nevertheless grow so that they form certain angles with one another; but the 
questions here opened up still require investigation. 

I now proceed to describe the relations between radial or dorsi-ventral struc- 
ture on the one hand, and orthotropic or plagiotropic growth on the other, relations 
■which have hitherto been studied chiefly by myself 

When an orthotropic shoot-axis or primary root is laid horizontally, there 
results in the case of the former the upward, and in that of the latter the downward 
curvature described previously, and it is wdiolly immaterial which side of the organ 
lies upwards or downwards ; it is just in this that the radial structure of such organs, 
even with reference to their irritability, makes itself evident — i. e. they react in the 
same way on all sides. Radial orthotropic organs also behave in exactly the same 
way towards the light : when illuminated laterally they curve until the free movable 
end lies in the direction of the ray of light itself, or, wFat is the same thing, is 
illuminated equally on all sides; this part then grows straight forward and in the 
direction of the ray of light, towards or away from the source of light — I am here, for 
the time being, excluding certain cases of so-called negative heliotropism. 

Dorsi-ventral plagiotropic organs behave quite differently. If a still growing leaf 
of a Gourd, for instance, is laid horizontally with the normally upper side downwards, 
the whole lamina becomes curved CGncave upwards; if such a leaf is illuminated 
from below it likewise becomes concave. In this way it is shown that the venation of 
the leaf possesses the same kind of geotropism and heliotropism as ordinary ortho- 
tropic shoot-axes; but a great difference makes itself evident in that this only 
happens when the louver side of the lamina is turned upwards, or towards the source 
of light. If such a growing leaf is laid horizontally with its upper surface upwards, 
or if the light is allowed to fall vertically on its upper surface, the latter does not 
become concave ; on the contrary, the lamina extends itself in one plane. It is thus 
seen that the lamina of a growing leaf reacts differently according as gravitation or 
a ray of light affects it from below or from above, and it is just in this the dorsi- 
ventral structure of the lamina with reference to stimulation is made evident. 

The dorsi-ventral flat' shoot of a Marchantia (pp. 69 and 526) and other similar 
flat shoots, and, generally, all the organs with strictly dorsi-ventral structure known to 
me, also behave like a leaf. 

If now we suppose a plane thin organ with dorsi-ventral structure, such as 
the lamina of an ordinary leaf or the flat shoot of a Liverwort,' rolled together 
parallel to the direction of its longitudinal axis, sd that either the ventral or the 
[3] zz 
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dorsal surface of the organ is everywhere turned outwards, the rolled up organ 
constitutes a radially constructed body, and certainly the most elegant confirmation 
of the above statements lies in the fact that the dorsi- ventral organ in this rolled up 
condition, where it has only incidentally become radial, now reacts also to^vards 
gravitation and light as an orthotropic organ. Figure 398 will serve to show what is 
meant. C represents the transverse section of a lamina in its extended condition, 
and the arrows indicate the direction in which the structure changes, proceeding from 
the lower to the upper side. If we now suppose this rolled together either as in A 
or JB, it is easy to see, and is indicated by the arrows, that what was previously the 
lower side now runs round the rolled up organ as an external layer, and that the 
dorsi-ventral structure has passed over into a radial one, which now confers on 
the rolled up organ the character of an orthotropic one towards gravitation and 
light. 

It is not practically easy, either in the case of growing leaves or of the flat 





Fig. 39S.~(See the te.\t.) 


shoots of Liverworts, artificially to roll up the already extended organ in the 
manner indicated, so that it will go on growing undisturbed, but the converse 
change also demonstrates what I wish to prove. The subsequently flat leaves of 
very many plants — e.g. of ail Grasses, most Liliacese and other Iklonocotyledons, 
and even those of many Dicotyledons/ as the Water-lilies {Niiphar, Nj'mphti'd)^ 
Piiigtiicula, and many others — are in the bud-state rolled together as in Fig. 398 
A and i?, either each individual leaf by itself {B\ or so that the young leaves 
envelope one another (-^^); on subsequent growth the rolied-up margins are drawn 
apart, and the leaves become extended fiat, as in C. Now so long as the young 
leaves remain in the rolled-up condition, in the bud-state, as in A and they 
are orthotropic, because they constitute a radial convolute structure ; but as soon as 
they have extended themselves, they become plagiotropic, and' are placed obliquely 
or horizontally with reference to gravitation, and extended at right-angles with respect 
to the rays of light. 

That this is not simply a special peculiarity of a certain clas.s of , plants 


ROLLED UP FLAGIOTROPIC ORGANS ARE ORTHOTROPJU 

is shown by reference to Fig. 399, which represents the fertile iiiargiiial lobes 
of the large Lichen Fel/igera canma. The organisation of the vegetative body, 
which grows on the flat surface of the soil in woods, is sharply dorsi-ventral ; 
it is green and smooth on the upper side, colourless and furnished with roots 
on the lower (cf. Fig. 249, p. 391), and in consequence of this dorsbventral structure 
it is closely appressed to the horizontal surface. Of the lobes at the margin, those 1, 
which bear the fructifications or apothecia, ^ (rr, Fig. 399), rise up vertically, because 
this part of the otherwise flat vegetative body becomes rolled up, as shown 
at r r in the figure. In this case it is the upper side which comes to be external 
on the rolling up : in the Lichen called ‘ Iceland Moss ' {Ceirana Islandica), 
which consists of branched ribband-like shoots, the inrolling takes place in such 
a w^ay that the organic under or ventral side comes to be external, and in this 
case also the flat dorsi-ventral structure gives rise to a radial one, which, for 
that reason, is orthotropic. Yet another Lichen, Cladonm pyxiiata, well known 
from its elegant appearance, may also serve for the de- 
monstration of what has been said above. It has two 
forms of shoots : the exclusively vegetative shoots are 
thin, flat, and dorsi-ventral, and therefore lie closely on 
a horizontal substratum; from these spring the shoots 
of the second form, structures shaped like a tall old- 
fashioned champagne-glass and circular in section : these 
are strictly orthotropic. 

It will be seen from the foregoing that the clear 
understanding of the relations between radial or dorsi- 
ventral ' structure, on the one hand, and orthotropic 
or plagiotropic growth on the other, involves ideas 

^ ^ ^ FIC. 399. — .'/a fructification {Apo- 

which present much that is extraordinary and difficult, thedum) « of the uchen 

. ^ ^ canina on the rolled up supporrinif 

and I confess that it was onh’’ after many years of portion u-hich spniigs from the 

flat vegetative body t, B transverse 

thought that I w’as able correctly to apprehend the section of../, 

matter; it must' be added that even now several points 

still await investigation. This is especially true of the fact that the orthotropic 
or plagiotropic growth in some cases is due exclusively to gravitation, in others 
to the co-operation of geotropism and heliotropism, and in others again the so-called 
hydrotropism co-operates. • 

I will give one or two examples of each* of these cases. 

I demonstrated in 1S74 that the lateral roots which originate from primary roots 
assume their oblique direction solely under the influence of geotropism, and this 
was the first case of geotropism of this kind which was known at all. Suppose 
Fig. 400 to represent the upper part of the primary root of^a seedling of Vicia Fa/m^ 
which has been grown behind a pane of glass in a box filled with loose soil, and 
has developed numerous lateral roots, which have grown straight out laterally and 
downwards at oblique angles with respect to the horizon. At that time it was 
doubtful whether the latter happened in consequence of a geotropic effect ; the 
question therefore was, whether lateral roots are geotropic at all By means 
of the apparatus represented in Fig. 384, p. 682, I convinced myself in the 
first place that the lateral roots are very clearly affectkl by centrifugal force, 
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curving away from the centre of rotation, which removes all doubt as to their 
geotropism. 

When I reversed the box, in which the seedling just referred to was grow- 
ing, so that the apex of the primary foot was turned upwards, the tip of the 
root curved vertically downwards; the direction of growth of the lateral rootlets 
changed also, their apices likewise curving downwards not vertically, but only 
obliquely, and this so that they grew on at about the same angle with respect to the 
horizon as before the reversal of the box. Those portions of the lateral rootlets 
which are quite black in the figure are the portions which were growing during the 
inverted position. The box was then placed upright again, and the lateral roots 
once more curved obliquely downwards, again to grow straight out at the same angle 

with the horizon as before the 
first inversion of the box. It has 
not yet been explained hitherto 
what relations of organisation cause 
these geotropic organs to grow 
obliquely to the direction of the 
earth’s radius. Elfving found sub- 
sequently, it is true, that runners 
growing horizontally in the soil — 
e. g. shoot-axes of HekocJmriSy Spar-‘ 
ganium, and Scirpus inariimius~ 
owe this horizontal direction of 
growth to geotropism ; if they are 
placed obliquely or vertically up- 
wards they curve under the influence 
of geotropism, until the bud lies 
horizontally, and it then goes on 
growing in this direction. 

When sub-aerial shoots with 
dorsiventral structure are at the 
same time heliotropic and geotropic,' 
Uvo cases may occur; either ■■the:,'' 
heliotropic influence coincides with 
the geotropic one, or each strives to give the organ diflerent directions, so that, as 
a matter of fact, a middle direction results. In order to be correctly understood 
in what follows, I may premise that in the case of plants growing in the open the 
heliotropic effect is to be supposed as if a vertical ray of light fell on the plant .from 
a luminous point in the zenith ; since just as we must suppose all the influence of the 
gravity of the earth to proceed in a straight line only from the centre of gravity 
of the earth to the plant, so we may also imagine the efiects of the light reflected 
from the whole sky as produced by a single resultant ray. \\’'e shall now make use 
of this supposition in what follows. 

The well-known Liverwort, Marchaniia polynmpha^ forms broad shoots which 
are green on the upper side, and on the lower side colorless and provided with 
numerous root-hairs : these shoots are also seen to be strictlv dorsiventral structures 



Fig. 400.-— Roots of Vicia Faba gfrowing: in soil behind a pane of 
glass, at first in the normal, then in the Inverted, and then again in 
the normal position. The arrows show the direction in which 
gravitation acted with respect to the lateral roots in the different 
positions. 
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as regards their internal organisation. In the open, with unlimited light on all sides, 
these shoots grow with their lower surfaces close to the soil, into which the long 
roots penetrate deeply. Subsequently they produce shoots quite dijfferent in shape, 
long stalks as much as 10 cm. in height, each of which supports either a lobed 
disc with male organs, or a parachute-like structure with female organs. The 
stalks of these shoots are orthotropic and, when growing in the open, are directed 
perfectly upright. Transverse sections show however that they are not properly 
radial in organisation, but have become radial by the rolling together of the two 
lateral margins of a narrow flat shoot, much as in the case shown at Fig. 398-^. 
It is to this that they owe their orthotropism. In the further consideration of 
this highly remarkable plant I shall confine myself to the two organs referred to, 
although there are many other things which might be mentioned. If the Marchantia 
is cultivated — it is very easily reared from spores, or still better from its geramas 
—on the surface of soil in a 
flower-pot in a room, not too far 
from a window, the young or- 
thotropic stalks become curved 
towards the window, exactly like 
ordinary seedling stems, and 
then grow straight on at an 
angle of about 45°. The flat 
vegetative shoots on the con- 
trary behave quite differently : 
those which have their anterior 
depressions turned towards the 
wdndow remain closely appressed 
to the surface of the soil; those 
on the contrary whose depressions 
(in which the growing-points lie) 
are directed awayTrom the win- 
dow to^vards the room, raise 
themselves from the substratum 
until they are directed obliquely 
at an angle of about 45®, so that in this case again the anisotropy between the 
flat shoots and the orthotropic stalks is approximately at right angles. 

This behaviour was for a long time quite inexplicable to me, until I pro- 
posed the question, how would matters be if the Marchantia were made to grow 
on vertical surfaces of the substratum, with the light falling obliquely from the 
window? For this purpose I employed blocks of turf, carefully cut into the 
shape of cubical bricks and saturated with nutritive solutions, and covered with 
opaque boxes provided with a pane of glass only on the side turned towards the 
open sky. A few gemmae w^ere laid both on the horizontal surface of the block 
of turf, and on the vertical sides— on the anterior face turned towards the light 
as w^ell as on the two flanks. These were easily retained by the damp sub- 
stratum and at once began to grow on it. After 2—3 months, vigorous and even 
fructifying plants were produced, and the result of the experiment may be illustrated 



Fig. 401,— (See the text) A" the orthotropic conceptades in which the 
gemnise are produced. 
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by the diagram in Fig. 401. It represents one of the turf-blocks seen from the 
left flank ; this presents a square outline, the body of the block being to a certain 
extent drawn in perspective, so that the anterior surface turned towards the ray 
of light L is to be supposed foreshortened to the observer. 

The conformity to law of the phenomena now comes out clearly. The 
orthotropic stalks ilf and PF of the supports of the sexual organs have placed 
themselves tolerably exactly in the direction of the incident ray of light X — a 
proof that their positive heliotropism must act far more strongly than their geo- 
tropism. On the contrary, the flat vegetative shoots to the right above and to the 
left below in the figure are placed nearly at right angles to the incident rays, and 
also the flat shoots at h to the left above and would have exactly the same 
direction— i.e. the direction /q, and likewise 4— if they were not prevented by 
the resistance of the solid turf. If possible these relations come out still more 
clearly in the case of those flat shoots which are growing on the square flank of 
the turf-block turned towards the observer, only it must be observed that the. shoots 
provided with the thick black lines stand out from the plane of the paper at 
approximately a right angle. The root-hairs on the under side of the flat shoots 
are also seen, indicated by thin parallel lines : they also are orthotropic, like the 
supports M and PF, but turned away from the source of light. 

Aften what has already been said of geotropism and heliotropism, the ortho- 
tropic organs of this plant need no further description ; as regards the plagiotropic 
flat dorsi-ventral shoots, on the contrary, considerable space would be needed to 
explain their behaviour. Referring the reader therefore to my detailed treatise 
published in 1879, I will only remark that the plagiotropic position of these 
shoots results from the co-operation of their heliotropic and geotropic properties, and 
perhaps the reader will most readily apprehend what is intended by supposing one of 
the root-hairs on the underside of the flat shoot to represent the primary root of*an 
ordinary seedling ; it is then to be further supposed that there is in comiection 
with this one root-hair a very narrow piece of the tissue of that part of the flat 
shoot which belongs to it, much as if it had been cut out by.means of a cork- 
borer. This piece of tissue would then correspond to the shoot of a seedling 
Phanerogam which had placed itself in the direction of the ray of incident light Z. 
Now it is easy to understand that the whole of the flat shoot of a Marchaniia 
with its root-hairs might be imagined as consisting of many thousands of 
minute seedlings, laterally connected with one another; or, in other words, the 
whole plagiotropic flat shoot consists fundamentally of nothing but orthotropic ele- 
ments, which however are combined into a flat surface. PTowever I must unfor- 
tunately avoid pursuing this very fruitful idea to its further consequences. 

The common Ivy {Hedera Helix) may be adduced as a second example of 
plagiotropic growth under the simultaneous influence of different directive forces. 
If a seedling or a rooted cutting of the Ivy grows in the neighbourhood of a wall 
or a vertical surface of rock, the leaf-shoot applies itself closely to the surface of 
the wall, &c., so that the leaves are situated to the right and left ; ilie free 
anterior surface of the shoot-axis bears no leaves, and the surflxce ap|.)lied to the 
wall produces clinging roots which fix the shoot Closely applied to the wall up 
to the bud, then, the shqot grows up vertically* The lateral shoots whicii now 
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arise, however, grow upwards obliquely at an acute angle, but behave otherwise like 
the parent shoot. There thus results a fan-shaped radiating system of climbing 
shoots, which sooner or later reach the top of the walk As soon as this happens 
the shoot-axes curve over at the angle of the wall, and then go on growing 
closely appiessed to its horizontal surface, till they come to the other angle 
of the top of the wall : here they do not bend sharply downwards, however, to 
grow down attached to the hinder surface of the wall, but they go on growing 
free straight onwards from the hinder angle of the wall, often quite horizontal 
for 50 cm., and then sink down obliquely under their own weight. When the one 
vertical side of the wall is thickly covered with such appressed shoots, another pheno- 
menon makes its appearance; there arise numerous shoots w^hich grow out awny 
from the wall freely sweeping in the air, and horizontal, at least at first, until 
they bend down obliquely under their own weight The orthotropic fruit-bearing 
shoots of the Ivy arise usually at the highest point which the plagiotropic climbing 
shoots have reached; the former are . distinguished from the latter by their radial 
structure, their free upright l^rowth and by their difierently shaped leaves, which 
are here spirally arranged with a divergence of f, whereas in the plagiotropic 
shoots they stand in two rows on the light and left flanks. 

We need however no longer concern ourselves with the orthotropic shoots, 
since they behave towards light and gravitation like ordinary seedling stems; 
only the plagiotropic shoots climbing up the wail or freely s\veeping horizontally , 
require further consideration. Such shoots, cut off and placed with their low'er 
ends in soil in flower-pots, where they soon become rooted, and fastened up 
to near the apex to vertical rods stuck in the soil, form convenient subjects 
for experiment. If such a plant is now placed at a window so that the aerial 
roots are turned- towards the room, ; and the upper sides of the leaves tow'ards 
the flight, the apex of the shoot curves away from the window in a few 
days and then goes on growing horizontally, while the long thin leaf- stalks 
curve towards the window, because they are orthotropic (cf. Fig. 402 A). The 
plagiotropic shoot-axes of the Ivy are thus at any rate in some way negatively 
heliotropic; only it turns out that they continue to curve away from the source 
of light only until they become horizontal. If they w^ere negatively heliotropic 
in the same way as most aerial roots, or the primary root of the White Mustard, 
they would then curve not merely till they assumed the horizontal, but until 
they were directed obliquely downwards. That this does not occur is at 
least in part due to the geotropism of. these shoot-axes; in proportion as they 
approach the horizontal, they come, into a more and more favourable position 
for the action of tfee geotropic influence under which they tend to become 
erect. We may therefore assume that the horizontal position of plagiotropic 
shoots results from the co-operalion of light and gravitation; how this occurs, 
however, and particularly in what degree each of the influences is concerned 
in the realization of the direction of growth cannot be stated in detail even in this 
case. 

It is easily intelligible that th^ power of the climbing shoots of the Ivy to 
cling closely to a vertical wMl or to a horizontal surface is due to the behaviour just 
described— i. e, to their negative heliotropism — while the striving of the primary shoot 
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to climb vertically upwards, and that of its lateral shoots to climb obliquely upwards 
are to be ascribed to their differing geotropism, in so far as this makes itself evident 
chiefly at the flanks where the leaves are situated. 

It has already been shown in a previous lecture that in the case of Marchaniia 
and similar structures the dorsi-ventral organisation is itself induced by the direction 
of the incident light ; this once accomplished, however, the side which was hitherto 
ventral and shaded cannot again be transformed, by being subsequently illumi- 
nated, into an organically upper side — the dorsi-ventral structure cannot be reversed. 

The Ivy behaves very differently in this 
respect— i.e. so far as the shoot-axes of 
the plagiotropic shoots are concerned ; 
if one of these rooted shoots is fastened 
to a vertical rod up to close beneath the 
apex, and is placed at a window so that 
the side which had hitherto borne roots, 
or, what is the same thing, had hitherto 
been the shaded side cf the shoot-axis 
is turned towards the light, as in Fig. 
402 it is noticed in the first place, 
that the backward curving of the apex of 
the shoot takes place much more slowly 
than in the reverse position, evidently 
because the sensitive organisation \yliich 
had been induced by the previous rela- 
tions is only slowly altered; but it is 
actually altered, for the growing apex 
of the shoot becomes not only horizon- 
tal, as in Fig. 402 C, but even deve- 
lopes roots on the side which was 
previously illuminated, and which is now 
converted into the sliaded side. 

There is still to be mentioned here . 
an interesting peculiarity of the" plumule, 
of young seedlings of the I\‘y. . Wlien"''^' 
seedlings growing at a,, window ; have' ■ 
■emerged froni' the''' soil, the: ''first :Seg:-, .; 
ment of the shoot (tlie hy|)ocotyl) is 
curved concavely towards the window; it is therefore positive]}' heliotropic. On 
further growth, however, the new internodes of the axis curve away from ihc 
window, and the same then takes place with the first one also; its lieliotropism, 
at first positive, thus becoming negative. 

A similar behaviour, but in some respects different, is exhibited also by the 
Indian Cress {Tropceolum majia). I mentioned this then unknown case so long 
ago as 1865. The seedling-stem (here the epicotyledonary segment) is at first 
decidedly positively heliotropic ; but if the plants remain undisturbed at a bright 
window, in summer, the seedling-stem together with the new developing internoties 
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FIG. 402, — Plagiotroi)ic curvatures of the shoots of Ivy 
(see te.\'t). 
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subsequently become curved convex outwards, the apex of the shoot thus turning 
away from the light, while the leaf-stalks, as in the Ivy and in all similar cases, 
are decidedly positively heliotropic, and the laminae of the leaves are placed at 
right angles to the incident light. The apices of the shoots turned away from 
the light never become quite horizontal, however, probably because their geotro- 
pism works to the contrary ; but in the open, where the light is more intense, 
the negative heliotropism overcomes the geotropism, and the shoot-axes lie hori- 
zontal and close to the earth. It is in consequence of this effect of light also 
that the plant is able to apply itself closely to the veitical surface of a wall, and if 
provided with a trellis in order to hold it fast, to climb up it. If, on the other 
hand, the plant developes in the shade, where the light is feeble, the shoots grow 
erect, and in fact become even positively heliotropic, and it is further to be mentioned 
that even those shoots which are curved towards the shaded side when the illumin- 
ation is strong on one side possess no permanent dorsi-ventrality. If the plant is 
turned round so that what w^as hitherto the shaded side is now strongly illuminated, 
the part of the stem already fully developed maintains its curvature, it is true, but the 
younger internodes which are still growing become curved backw^ards, with the 
apex of the shoot turned aw^ay from the window^ With Tropceolimi, however, such 
experiments must be made in bright summer W' eather ; in the autumn, wiien the light is 
feebler, the shoot-axes are always positively heliotropic. 

The Gourd plant also behaves in all essential points like the Indian Cress. 
That its stem, at first orthotropic, subsequently lays itself horizontally and prone on the 
■earth is an effect due to strong light : plants cultivated in the shadow of a room remain 
erect for a long time, or curve but slightly obliquely away from the window. For 
these reasons Gourd plants are able to climb up vertical walls provided with a 
trellis, the apices of the shoot becoming so to speak pressed to the wall by the light, 
and are then able to fasten themselves to the lattice by means of their tendrils. In 
the open, where the- light is strong, the long shoot-axes of the Gourd lie horizontally 
on the earth; but if the plant grows in the shade of undergrowth, the apex 
erects itself and, with the aid of the tendrils, climbs betw^een the branches of the 
underwood into the full light. In the case of Gourd-shoots lying horizontally on the 
earth, the apical portion bearing the terminal bud is erected in ordinary daylight so 
as to assume approximately the form of a horse’s neck, the bud, bent sharply dowm- 
wards, representing the head. It is now easy to observe that on very bright days 
this horse’s neck lays itself flatter on the earth, while in dull w'eather it is more 
erect. If the apex of the shoot is directed through a hole into the dark cavity of a 
box, as in Fig. 238 (p. 354), it then goes on growing perfectly upright 

It would be very easy to quote numerous other instances of plants w'hich behave 
tow^ards different intensities of light like the Indian Cress and the Gourd : in addition 
to the common Vine, I will only name Glechoma hederacea, one of the Labiate. In 
connection wdth the phenomena just mentioned, induced by light in highly organised 
plants, however, I must return once more to Marchaniia, to add that* the described 
plagiotropic position of the flat shoots in this plant also is assumed only in a 
sufficiently strong light; if the light is unilateral and feeble, the Marchajiiia 
shoots erect themselves, but without losing their typical broad form. When the 
light is very feeble, the shoots at length remain narrow and become nearly 
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stalk^ike, losing plagiotropism and curving towards the light in a way which 
shows that they are positively heliotropic. 

In all the cases so far considered the point has always been simply that the 
organs, under the influence of gravitation and light, make curvatures in a plane which 
includes the direction of gravity and of the light. Very commonly, however, 
twistings — torsions of the shoot-axes — come into existence, and these have the 
effect of so turning or twisting parts of the bud which were originally arranged in 
a vertical plane, that they finally lie in a horizontal or oblique plane. This occurs 
quite commonly in the case of woody plants with erect stems from which horizontal 
or oblique branches arise. The buds of these branches produce their very often 

vertical or at any rate approximately vertical plane, as 
in Fig. 403. Now if, on the unfolding of such 
buds, all the parts maintained their mutual posi- 
tions, the leaves of the shoots of the second order 
would be situated above and below on the de- 
veloped axis ; the ordinary case, however, as found 
in the Limes, Elms, Celticte and very many other 
trees and shrubs, is that the lateral shoots arising 
from such buds extend their two series of leaves 
in a nearly horizontal plane, which, with reference 
to the young states (shown in Fig, 403) is only 
possible by a twisting of the young shoot-axis dur- 
ing elongation. Not rarely indeed it happens thaf 
shoot-axes with crossed (decussate) pairs of leaves 
undergo torsions at their internodes alternately 
to the right and left, whence the leaves on the de- 
veloped shoot appear to be arranged in two rows 
only, instead of in four, and become extended in 
a horizontal or oblique plane. 

However inadequate this treatment 'Of the 
anisotropy of the organs of plants must appear, 
owing to limited space, it will nevertheless serve to 
show how extraordinarily various are the pheno- 
mena which are induced by the action of gravitation and light; and I may again 
insist that for the illustration of general ideas, I have selected a few isolated 
examples only. These phenomena are universal in the vegetable kingdom. For 
instance, what has been said above as to the influence of light on swarm-spores 
may be compared with the phenomena occurring in Ti'opa'ohm and Cucurbiia, and 
in spite of the enormous difference in organisation a great similarity in their sensi- 
tiveness to light is to be found : we saw how most swarm-spores swim towards the 
shaded side only when the light is intense, whereas when the light is feeble they 
turn towards* the source of light, and here we find that for example the shoots 
of Tropmlum turn away from a strong light, while they turn their apices towards 
the source of light when it is feeble. 

I here add, in conclusion, a few words on so-called Hydrotropism, simply 
because the experimental material to hand is not sufficient to devote a special lecture 


biserially arranged leaves in a 



Fig. 403, —Vertical section of a lateral 
bud of a horizontal branch of Cercis cana- 
densis in December, i, 2 . . . 7 the conse* 
cutive leaves with their (similarly numbered) 
stipules. The outer bud scales are omitted ; 
the inner ones are numbered 3 3. In the 
centra is the growing-point of the shoot i> 
position of the leaf from the axil of which the 
bud arises ; a axis of parent-shoot ; v direc- 
tion of gravity. 
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to it. After the older vegetable physiologists, especially Dutrochet, had suggested 
that roots may be caused to curve by the moisture of their environment, but 
owing to unsuitable experiments had arrived at no results, I found in 1872 that this 
supposition is, as a matter of fact, correct. Fig. 404 will make the facts easily inteir- 
ligible. a a represents the vertical transverse section of a very shallow cylinder or 
ring of zinc, which by means of three threads c c b suspended obliquely dX d. The 
zinc frame a a had been previously covered with large meshed netting and then filled 
with damp saw-dust, the upper surface of which is shown at/yi Peas or any other 
seeds saturated with water were then laid in this saw-dust g g. In virtue of their 
strong geotropism, the seedling roots at first grow vertically downwards and at 
length come forth into the air bet^veen the meshes of the netting at the oblique lower 



Fig, 404.— Apparatus for observing the hydrotropism of the primary roots of seedlings. 


surface of the apparatus. If the air is completely or nearly saturated with vapour the 
roots grow down vertically into it; if this is not the case, however, and the air, is 
only to a certain extent moist, but not saturated, the root-apices projecting from the 
meshes curve laterally until they again come into contact with the low^er side of the 
sa\v-dust, as at k and /. Very often they grow obliquely downwards closely applied 
to this oblique surface ; occasionally the tip of the root again penetrates through the 
meshes into the damp saw- dust, at once bending downwards again geotropically, 
however, to repeat the same process. In this way a root {m ? 7 i) may fairly sew itself 
like a needle and thread passing up and down between the meshes of the netting. 

It is certainly, as numerous further experiments showed, only the difference 
in the moisture of the surrounding air which produces these phenomena : aqueous 



LECTURE XL. 


716 

vapour is continually being evaporated from the damp saw-dust, and the air in its 
immediate neighbourhood is saturated with it ; a little distance from it, however, the 
air is relatively drier, and the root apices thus become curved, as the experiment shows, 
so that they are concave on the damper side. 

In the experiment described the hydrotropism of the root has to overcome its 
o-eotropism ; but if the seeds are allowed to germinate on the surfaces of a damp 
block of peat (jT^ Fig. 405) which is fastened to the axis A of a kiinostat and slowly 



Fig, 4o3.-“CubicaI block of peat T on the fccrizoutal axis of the klim-stat 
{see the text), 

rotated, geotropism, as we already know, is rendered ineffectual In this case 
then the roots also grow closely applied along the damp surflices, it is true, but 
if it accidentally happens that the apex .penetrates into the turf iiself ii then goes on 
growing as in I, 0, y, continually deeper into the turf, and, according to circinnslances, 
probably even again comes out from it, as at /, n. 

In this, however, there is yet another cause acting on the roots ; for I have 
found that growing root-apices, wdien they are pressed on llie one side by a solid 
body, behave like tendrils (only much more tardily) and become curved so as to be 
concave on the touched side. 

This is perhaps also tlie proper place to mention that the |)ower wliich roots 
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have of penetrating into the soil, and of continuing their progress in it, does not 
depend exclusively on their geotropism, but that the contact-stimulus and hydro- 
tropism just described are also effective in the matter; however, I cannot here go 
more in detail into this subject. 

The klinostat experiment (Fig. 405) yields, however, yet another result. Apart 
from disturbing influences, as at ^, k, the plumules erect themselves so that they 
stand out at right-angles on all the surfaces of the rotating cube, as a, c, d.fjov which I 
can discover no other cause than this — that they likewise, but in an opposite way to 
the roots, are hydrotropic — i. e. as the latter are so to speak attracted by a damp 
surface, so the thin seedling stems are repelled by it : this is of course only to be 
takfli as a metaphorical mode of expression. The result is much more distinct, how- 
ever, when, instead of a cube of peat, a cube of bread is fastened to the axis of the 
klinostat and a few spores of Phycomyces^ the Fungus we already know (p. 5, Fig. 3), are 
sowm on all its surfaces. The root-like mycelium penetrates into the bread and there 
becomes copiously branched, since it is not induced to grow downwards by 
gravitation as in Fig. 394 : on the contrary, the sporangiophores (cf. Fig. 3, p. 5) 
grow out from the bread, so that they all stand upright on the various surfaces of the 
cube, as in Fig. 40^ m m. If one of them comes out by chance at one of the 
corners of the cube (as at 771^ it makes equal angles with the two neighbouring 
surfaces. 

Wortmann, by means of special investigations with Phy corny ces^ has subsequently 
confirmed my previous supposition that the sporangiophores are repelled by damp 
surfaces, and I have no doubt that we may apply this result to the thin seedling 
stems of Fig. 405 also. 

In concluding the consideration of the movements of plants induced by irri- 
tability, I may again remind the reader of Avhat I stated in the first introductory 
lecture of this book, and what I have laid at the foundation of all considerations on 
the vital phenomena of plants, that irritability is universal in the vegetable kingdom, 
and that vegetable life without irritability is just as inconceivable as is animal life 
without irritability. Irritability is the great distinguishing characteristic of living 
organisms ; the dead organism is dead simply because it has lost its irritability . 
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LECTURE XLI. 

THE ORGANS OF REPRODUCTION. 

GENERAL CONSIDERATIONS. ALG/E; FUNGI; ARCHEGONIATA. 

It will be convenient to defer to the last of these lectures the general consider^ 
ation of the nature and physiological significance of the reproductive processes ; for to 
a reader unacquainted with the organography of reproduction they would be at least in 
part, if not entirely, unintelligible. The present lecture therefore will be devoted exclu- 
sively to the description of the reproductive organs themselves. It will suffice for our 
purpose, moreover, to select from the abundant material which laborious investigators 
have accumulated in this province, a series of well-known and particularly striking 
cases, from the description of which it will become sufficiently obvious that notwith- 
standing all the variety of reproductive organs, there is nevertheless but one essential 
point, the organographical differences being fundamentally accessory matters and 
concerning externals only. 

All reproductive processes serve the purpose of producing new independent 
living organisms, and this is always accomplished by a portion of the substance of 
an already existing organism affording the material from which the new structure is to 
proceed. 

Reproduction in this widest sense of the word may occur, especially in the 
vegetable kingdom, in extremely various forms. In the first place there is the mere 
regeneration by means of incidentally separated portions of a plant. It is a fact well 
known to every one that, in the cultivation of plants, it is possible to produce new 
plants from cut-off pieces of shoots, leaves, and often even of roots, under favourable 
conditions of vegetation ; and jt has already been explained to a certain degree in a 
previous lecture how this occurs. Botanists , have also long knowm that even in the 
case of very small and in fact microscopic Algae and Fungi, accidentally isolated 
pieces are able to acquire through growth organs which were wanting to them, and 
to develope into new individuals. Indeed, cases are even knowm of small lumps of 
protoplasm artificially expressed from the cells of Algae surrounding themselves with 
a cellulose w^all and then continuing their growth, as I have myself had the 
opportunity of seeing in Stahl’s preparations of Vaucheria. 

With such processes is connected the very common phenomenon that in 
many plants, as a result of the normal mode of life, the individual shoots which had 
previously been developed from common growing-points, subsequently separate from 
one another and go on growing independently. This happens very frequently in the 
case of species provided with stolons (runners) or rhizomes (creeping root-stocks) ; 
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the connection of these shoots with their parent shoot is sooner or later destroyed by 
the dying off and final rotting of their older parts, so that each individual shoot can 
now grow into a new independent plant. Many Mosses, Ferns, Equisetums, Grasses 
and Reeds, the Strawberry, and numerous other plants may be mentioned in this 
connection. 

It very often happens, however, that the shoots destined to become separated 
assume special and characteristic forms, so that they may be distinguished in a 



Fig. ifi&.’^Tetraphis peUncidu, a Moss. A a plant bearing 
'geramas (natural size). B the same magnified ; y tlie cup in 
which the geraraaj collect. C longitudinal section through the 
apex of S\ b the leaves forming the cup. it' gennnrn in various 
stages of development; the older ones are torn off from their 
stalks by the later growth of the younger ones, and forced 
over the edges of the cup. D a mature gemma (X 530) con* 
.sistlng at the margin of one, and in the centre of several 
layers of cells. 



Fig. Dex-elopnient of ff.ms gensma*. A 

shows a gemma (f>) torn ofi’ from its stalk at *? ; tl'.c -.tnncjaa' 
filament xy has been formed by Use lying rmr of juarginal 
cell of the gemm.a, and the fiat stntcti;re / ha,^ been devt'ioped 
as a lateral outgrowth of the pngonemu; thU has alsn put out 
rootdiairs vn zo' and (x iee|. /'/ a fiat pr.itutiema, fonn 
the base of which a leaf-bud A' and roni-hnirs lA h.ive sprung. 
The base ofthe lint pmtonenm nfieu iJist-. fitnh a iiumiier ed new 
fiat protonemata behare a leaf-hud is funned. 


certain sense as reproductive organs. In this connection I need only remind the 
reader of what was said, in the lectures on Organograph}', concerning Imllxs and tubers, 
adding that some plants are propagated for innumerable generations solel}’ by bulbs or 
tubers — the potato for instance — so that reproductive organs in tlie narrower sense of 
the word appear to be superfluous. In the simply organised Cr_vpiogains (Algm and 
Fungi) such phenomena are quite general Deciduous cells, Conidia, are |)roduccd 
on special supporting organs, usually in great numbers, and sometimes, as in the very 
cDihmon mould, PenidlHum glaucum^ the reproduction takes place only in iliis way, 
unless true reproductive organs arise under very special conditions. 
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In “the true Mosses almost any cell of the roots, leaves and shoot-axes, 
and even of the immature sporogonium, may grow out under favourable conditions, 
become rooted, form new shoots, and give rise to an independent living plant. 
Besides this, however, there are some species, like the illustrated 

406 and 407, which produce, in addition to true organs of reproduction, peculiarly 
formed gemmse in special receptacles, and these contribute essentially to the 
multiplication of the individuals. The Liverworts behave similarly: in many of them 
not only are the individual cells of the leaves able to separate and germinate, but 
here also various species are found which give rise to multicellular complex gemmae 
in special receptacles, of which the Marchantia figured on page 69 may serve as the 
most convenient and best known example. 

All these different cases, which could be increased by many others more or less 
abnormal, are properly left out of account when referring to reproduction in the 
narro\?er sense: they may be collated under the name of organs for vegetative 
propagation, in contrast to the reproductive organs in the stricter sense of the word. 
All these vegetative organs of propagation are fundamentally nothing more than 
parts of the vegetative body itself, or at any rate are not essentially distinct from 
it: their organisation presents, in contrast to the rest of the vegetative body, 
nothing essentially new or abnormal, and especially it may here be insisted upon 
that by means of merely vegetative propagation the properties of the parent plant 
are usually transmitted to the descendants much more strictly than is the case 
with reproduction in the narrower sense of the word — a point to which I shall 
return. 

The proper reproductive organs, on the contrary, differ from the vegetative 
organs in their whole organisation and development, and particularly in the manner 
and means by which they fit into the life-history of the plant. 

The true reproductive organs, again, are distinguished from merely vegetative 
organs of propagation by the fact that they serve exclusively and only for the purpose 
of reproduction. They are in no way concerned (apart from a few' exceptions such as 
Spirogyra and other Conjugatas) either before or afterwards in the function of nutri- 
tion, or in the simple maintenance of the existing individual : their proper task is 
that of reproduction. But of course, here, as in the whole kingdom of organic life, no 
perfectly strict distinction can be maintained. Here again our ideas are best de- 
veloped in considering the most sharply characterised forms — i. e. typical forms. With 
these, just as was found to be the case with the vegetative organs, two categories of 
more or less deviating forms of organs are connected; on the one hand the rudi- 
mentary organs, which we may regard as incomplete but archaic, and on the other 
the degraded organs which have degenerated, so to speak, subsequently from the 
typical height of organisation. 

In the case of the vegetative organs, shoots and roots, we had above all to take 
cognisance of the remarkable fact that organs of like genetic significance may assume 
different forms in order to fulfil different functions. In the case of the proper organs 
of reproduction we find exactly the opposite : their function, the origination of new 
individuals, always remains the same, since this is^ as already mentioned, their single 
object. Nevertheless, if w'e take in review the wdiole vegetable kingdom, proceeding 
from the simplest plants, the reproductive organs assume very various forms; so 
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indeed that the reproductive organs of the Fiowering-plants give to the nninitiated 
the impression of having not the remotest similarity to those of the Cryptogams. 
Nevertheless, my short description will show that from the reproductive organs of the 
simplest Algse up to those of the most highly developed Fiowering-piants all con- 
ceivable transitions exist, leaving no doubt whatever, that (with the exception of a few 
Algse and Fungi) all the reproductive organs in the Vegetable Kingdom are to be 
referred to a single type, the clearest expression of which is found in the JMosses and in 
the majority of the Ferns and Equisetums. And what may probably be termed the 
most astonishing result acquired during the last forty years is the fact which will 
shortly become clear, that the reproductive organs of the Flowering-plants, while in a 
certain sense the most highly organised it is true, are in another sense again simply 
reduced and degenerated forms. 

Approaching the matter more closely, and starting from the clearest cases, as 
exemplified in a large number of highly-developed Algse, some Fungi, ail Mosses 
and in most Vascular Cryptogams, there are always produced in the course of the 
developmental history of such a plant two kinds of organs of reproduction, viz. 
sexual organs, and asexual organs (Sporangia). 

The sexual organs are male or female: the male organs produce zoosperms 
(antherozoids), the female organs oospheres. In the present state of science it would 
therefore be the simplest and most accurate plan to denote all male organs Spermo- 
gonia and all female organs Oogonia, in contrast to the Sporangia which produce the 
asexual reproductive cells — Spores. However it will scarcely be possible to establish 
this simple nomenclature as yet, since a series of different names for the same organs 
have become naturalised in different subdivisions of the Vegetable Kingdom. 

As already stated, there occur in the life-history of a plant of the above-named 
subdivisions both sexual and asexual reproductive organs, and this in such a way 
that by the co-operation of the male and female sexual organs, or to put it shortly by 
means of the fertilisation of an oosphere, a plant-structure of some kind is produced :• 
this in its turn gives rise sooner or later, often as the result of vei*}’ protracted processes 
of growth and configuration, to a plant-structure of totally different organisation, on ^ 
wFich at last sporangia again make their appearance. I'he entire process of develop- 
ment of a plant of this kind constitutes an alteniatmi of gtucralhms^ as it is shorily 
termed. This consists then, according to what has been said, in the whole life-histor}' 
of a plant being divided into two chief sections. The developmental-history is twice 
commenced from a reproductive process; once with the germination from asexual 
spores, the other time with the development of an embryo from the fertilised 
oosphere, and— a point of extreme importance— the phase of life of the plant in 
question which proceeds from the germination of the S])ore results in cpiile oilier 
relations of organisation than the other. As a rule higher organisation is attained 
in that phase of life which proceeds from the fertilisation of the oosphere. 

Such is, briefly, the meaning of the phrase ‘alternation of generations/ 

If we now consider the mode of reproduction in some other AIgm and Fungi, 
there is found more or less agreement in the relations of the alternations of generations 
described; some forms, however, can scarcely be referred at all to these schemes. 
In the case of a few highly-developed Vascular Cryptogams, to which the Coniferce 
and their allies are directly related, on the other hand, we meet with very complicated 
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structural arraiigementSj which may perhaps be most easily denoted by saying 
that in them the generation which proceeds from the spore remains included in 
the spore itself, and no longer enjoys independent life, and in the case of the 
Flowering-plants this generation at length disappears so far, that it is only recog- 
nisable in its last remnants by careful comparative investigation. 

After these preliminary explanations, which could not well be avoided, the 
description of a series of examples may now follow. 

Among the Algse and Fungi there are many forms, the whole develop- 
ment (and especially the reproduc- 
tion) of which departs from the 
above type sometimes in one way 
and sometimes in another. I will 
select but two examples. Fig. 408 
shows at a portion of the myce- 
lium of a Fungus, Pipiocepkalis, 
rasitic on the 3 f ucor, llf, znd Avhlch 
has bored into the latter with its 
haustorium at A. As a rule this 
mycelium produces conidiophores, 
as at c, from the ramifications of 
which small conidia are abstricted 
in large numbers, and by means of 
which this Fungus, Pipiocephalis, 
usually propagates itself. Under par- 
ticularly favourable circumstances, 
ho\vever, a second kind of repro- 
ductive organs is developed, which 
we may distinguish as sexual, since 
the chief mark of sexuality lies in 
that the contents of two cells fuse 
with one another, in order to produce 
a product capable of development, 
whereas each cell by itself would be 
incapable of this. This is also true Kig. ifi^.~-Pipt0cephalis Frfsmiana (aftur Brcfeld). M a {jortioii 

r 1 71 j * . a' r myceliitm of Mitcor Mitcedohy which the myceliuni mvi of the 

01 the SO-CalleCi conjugation or the JHptocephaUs is nourished; h the haustoria of the latter penetrating 
. j* . • **^^0 hyphaj of t\\Q Mucor\ ca coiiidiophore ; two conjugating 

h ungUS ill (J^UeStiOn r two approxi- branches of the inyceliuin, forming the zygospore 

mating or perhaps mutually touch- 
ing branches of the mycelium, sSj swell up considerably, become densely filled 
with protoplasm, and, after a transverse division has occurred in each, their apices 
come in contact and fuse, and the separating walls dissolve, whereupon the fused 
portion swells up into a relatively large sphere Z, which becomes segmented off from 
the conjugating branches ss as a special cell filled with protoplasm, and forms a 
thick prickly envelope. This so-called zygospore — or, following a new terminology, 
zygote — requires, like most sexually produced reproductive cells of the Algse and 
Fungi, a long resting period, before it germinates and produces asexual coniclio- 
phores. whose spores again give origin to mycelia. 
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In Piptocephalu,2.% in ail Mucorini or Zygomycetes, the result of the fertilisation 
is thus a single large cell capable of development (the zygospore or zygote). Matters 
are strikingly different in the case of Ascohhs, an Ascomycetous Fungus studied in 
detail by Janczewski, as shown diagrammaticaliy in Fig. 409. Flere also are 
certain of the ramifications of the richly branched mycelium. The end of a 
branch r becomes filled with protoplasm, swells up considerably, and undergoes 
several transverse divisions; a neighbouring filament then applies itself closely to 
the anterior cells of the carpogonium c by means of its thin branches /. This organ 
has been named the pollinodium. Whether a direct fusion of its protoplasmic 
contents with those of the carpogonium results, or whether a soluble fertilising 
substance passes over from it, is not known; but analogy with all other known 
processes of fertilisation scarcely permits a doubt that one or the other occurs, and 
that we here have an actual process of fertilisation. Its effect, however, is here quite 
^ different from that in the previous case. 

^ — The result is not one resting cell capable 

of germination, but, stimulated by the 
/ X . 7. ^ fertilisation, a fruit-body or friictification is 

developed which is very voluminous and 
h V highly organised in comparison with the 
y mycelium. This body in its turn consists 
1-^ of two essentially different parts : from 
one cell of the carpogonium (i.e. from 
the female cell) a large number of 
segmented fungus-hypbie grow forth, 
on which the sporogenous asci a at 
length arise in great numbers, as terminal 
branches. Long before this spore-forma- 
tion is accomplished, however, the mycelial 

Fig. 409.— Diagram of a transverse section through the branches in close proximity to the fcrti- 

fructifiaition of j4sc&do/usyu>y^itracr!{S, an Asconij^cete (from ■... , ii .•T. t 

Janczewski’s figures), mycelium ; r carpogonium ; / poI- ilSIllg appanitUS haVC aiSO bCCn Stimulated 
linodium; j ascogenous hyphse ; a asci; sterile tissue of t * t t t 

the fructification, from which the paraphyses A are developed. tO reiieWeCI, VlgOl'OUS, aild CUtirclV altCTcd 

growth; they envelope the fertilising ap- 
paratus, together with the ascogenous filaments ss, with a parenchymatous investing 
layer//, rr, within which also the spore-forming asci a arise. Between the latter 
are noticed thin barren hyphje, the so-called paraphyses, which originate from the 
envelope. Finally, it hardly needs mention that the spores produced in the asci a, 
when they germinate on a proper substratum, again give rise to a new injoelium, 
on which, so to speak as a second generation in the above sense, the fructification 
arises in consequence of the sexual act of fertilisation. 

In Ascohohis, as shown in Fig. 409, the cell which is fertilised, i. e. directly 
touched by the pollinodium, is not the one which eventually gives rise to the asco- 
genous filaments and the sporogenous asci on these. The case is exactly similar 
in that great subdivision of the Algae, the Florideae, -where the female sexual organ 
likewise consists of a multicellular body, from which springs a single cell, the 
trichogyne, in the form of a long filament, which takes up the male fertilising 
substance; thus in the Florideae also it is other cells of the carpogonium which 
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by means of their further growth eventually produce the spores, and, usually, also 
an investment around them. Here, however, it is to be mentioned that in the 
Floridese the fertilisation is accomplished not by pollinodia, as in the Ascomycetes 
considered above, but by means of veiy small ceils \?hich are developed in large 
numbers in special male organs; these ceils are set free and passively carried by the 
water, and then, coming into the neighbourhood of the trichogyne referred to, fix them- 
selves on to it, and empty their contents into it. Stahl has shown that the fructification 
of many Lichens also is accomplished in a very similar way. 

Although their external appearance is extremely different, the Mucorini never- 



FlG. 4io.—Spir('£yra Jaft£-aia. To the left several cells of two filaments which are about to conjug^ate. They show 
the spiral chlorophyll-bands, in which crown-like arrangements of starch-grains are lying, as well as small drops of oil. 
The nucleus of each cell is surrounded by protoplasm, from which threads go to the cell-wall, i/ preparatory to conjugation. 

to the right, cells engaged in conjugation. The protoplasm of the one cell is just passing over into the other at a ; 
in d the tw’o protoplasmic masses have already itnited. In B the young zygotes are clotlied with a wall. 

theless agree essentially with the Conjugatse — a subdivision of Algae — in so far as 
in the latter also cells externally alike in nature, and especially equal in size, combine 
with one another and allow their protoplasmic contents to fuse into a single mass, W'hich 
then forms a resting zygote and only becomes capable of germination in the following 
year. Of this process, which of course presents numerous modifications again in the 
various species of Conjugatae, Fig. 410 will serve to elucidate the most important 
points. Fig. 410 represents, to tlie, left, short portions of two long filaments of 
Spirogyra^ found everywhere in May and June, as matted green masses floating 
on still water. These two filaments have (within the dense mass of the Alga) 
become laid parallel to one another for some distance, whereupon, in each case 
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from mutually confi*onting ceils of the t\yo filaments, protuberances have grown out, 
as at £7 and which come into contact with one another; at the points of contact 
their celhwalls then dissolve, and a joint canal is thus formed between the 
two confronting cells, as seen in Fig. 410 at a. Meanwhile the thin lining of 
protoplasm which clothes the cell-wall, and in which the band of chlorophyll lies, 
contracts so as to form a spherical mass, a process only possible by the expulsion 
of water. Now, however, comes in a distinction between the two mutually con- 
fi*onting protoplasmic bodies: the one remains stationary, whereas the other, as 
if attracted by the former, puts out a process into the canal, which comes into 
contact with the former, and as soon as this contact is accomplished, the whole of the 
movable protoplasmic body glides over to the other, the process resembling the 
contact and fusion of two oil-drops floating on wa‘er (cf. Fig. 410 a). 

The union is complete. After its accomplishment no trace is perceived of the 
fact that the body 3 (in Fig. 410 A) has arisen from two; even the two spiral bands 
are said to join ends and become one. The zygote thus produced now surrounds 
itself with a membrane composed of several shells, and after the fertilised filaments 
of the S/>ir(?^fra have sunk to the bottom of the water the zygotes contained in 
them remain dormant until the next spring ; they then germinate in the manner repre- 
sented in Fig, 24 (p. 33), and, ascending to the surface of the water, again develope 
into long filaments divided into chambers by means of transverse divisions. 

In Spirogyra^ more distinctly than in the examples previously considered, the 
fact comes forth that fertilisation consists essentially in the fusion of the contents 
of two cells. In contrast to the slow movement, which is here executed by only 
one of the two sexual cells (which we may designate male) a great number of Algae 
are now known whose sexual cells swim actively about in water like ordinary 
asexual swarm-spores, and then, when they come into mutual proximity, attract 
each other, come into contact, and then fuse together. To distinguish these from 
non-sexual swarm-spores, such sexual swarm-spores are called Gametes, and the 
product of their union, which usually moreover has to undergo a period of rest, the 
Zygote. I will describe these processes in connection with certain AlgjB of the family 
Volvocinese, in which this form of fertilisation was first observed in 1869 
Pringsheim. 

Pandorina Morum^ Fig. 41 1 7 , is one of the commonest of the Volvocinece, 
The sixteen cells forming an individual or ccenobium are packed closely together and 
surrounded by a thin gelatinous envelope, from which the long cilia project. The 
asexual multiplication is accomplished by each of the sixteen cells repeatedly breaking 
up into sixteen smaller cells, which group themselves into a ccenobium in exactly the 
same manner as will be described below for Eudorina, Tlie sixteen daughter- 
cmnobia (IP) become free by the dissolution of the gelatinous envelope of the parent, 
and each of them, again invested with a gelatinous envelope, grows up to the 
original size of the parent family. The sexual reproduction also is commenced in 
exactly the same way. The gelatinous envelopes of the young families deliquesce, 
and the individual cells are thus set free, and each swarms by itself independently 
(///). These free swarmers differ much in size; they are rounded and green at the 
posterior end, and pointed, hyaline^ and provided with a red corpuscle at the anterior 
end which also supports the two cilia. During the swarming of these bodies, some 
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are observed to approach one another in pairs, as if seeking each other ; they come in 
contact at their apices, and fuse into a zygote which is at first biscuit-shaped {IV) and 
which gradually contracts into a sphere (F), in which the two red corpuscles and the 
four cilia at the enlarged hyaline spot are at first still perceptible, though they all 
disappear soon afterwards. A few minutes after the beginning of the conjugation the 
zygote is a spherical cell ( F7), which then remains dormant within its cell-wair for 
a long time, its green colour passing over into a brick-red one. On placing the 



Fig. 4ii.~-DeveIopmciit of Pandorim Morum {after Pringsheira) . I a swarming family ; // a similar family divided into 
sixteen daughter-families ; III a sexual family, the individual cells of which are escaping from the gelatinous investment ; 
iV, Cconjugalion of pairs of swarm ers ; VI a zygote which has just been completed; VII a fully grown zygote ; VIII 
transformation of the contents of a zygote into a large swarm-cell ; IX the same after being set free ; a young family 
developed from the latter, 

dried up, and meanwhile considerably grown, spheres into water, germination begins 
after about twenty-four hours. The external shell of the cell-wall breaks away, and 
a layer within it swells up, and now contains one or two, or even three large swarm- 
spores, which finally escape ( VIII and IX\ and after swarming for a short time 
surround themselves with a gelatinous envelope, and, by means of successive 
divisions, break up into sixteen primordial cells, which now again form a family 
as in Fig. /. 

Particular stress was formerly laid on the fact that both in Pandorma and in 
the Conjugatae (e. g. Spirogyrd)^ the two cells which unite sexually are equal in size 
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and are apparently also similarly constituted, and such sexual acts were named 
Conjugation, in contrast to the ordinary acts of Fertilisation which exclusively occur 
in Mosses and Vascular Cryptogams particularly, where the one of the two sexual 
cells, relatively large and non-motile, functions as the Oosphere, and is fertilised by 
a relatively very minute and actively moving zoosperm (antherozoid). The investi- 
gations of late years, however, have brought to light numerous cases from which 
it must be concluded that no essential difference exists between conjugation and 
ordinary fertilisation by means of antherozoids ; this may be concluded from the 
fact, among others, that both forms of sexual process occur in very closely allied 
species. Goebel found, for instance, in the case of one of the Volvocinese which is 



Fig. i[i 2 .—Eu(iorz)ut eieganst a female colony {ctsenobium) around which antheroaokls 5"/ arc swarmiu}? 

(after Goebel). 

closely allied to the Pandorina described above, and, like that, consists of a revolving 
ccenobium, that the sexual cells are differentiated into oospheres and relatively minute 
antherozoids. The plant in question, Eudorina ehga?is, consists of gelatinous vesicles 
of elliptical shape, in which are contained 1 6 or 32 ceils, each of which ])ossesses two 
cilia, which project through holes in the envelope far into the surrounding water* 
Active multiplication occurs by the asexual method, each individual cell of a family 
becoming transformed by appropriate divisions into a family consisting of x6 or 
32 cells again: these young families are set free by the disintegration of the parent 
envelope. Sooner or later, however, a sexual difference makes its apjiearance 
between different coenobia : some become male, others female. In the latter, 16 or 
32 cells assume the character of oospheres, not conspicuously different from ordinary 
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vegetative cells. In tlie male coenobia, on the other hand, 16-32 antherozoids arise 
by the division of each individual cell: these antherozoids are minute elongated bodies 
with two anterior cilia, their colour being at first green but eventually passing into 
yellow. The antherozoids aggregated into a bundle begin to move while still 
enclosed in the cavity in which they have been produced, and then escape and 
swarm in the open. On meeting with a female coenobium the cilia on both sides 
become entangled, and the male coenobium is thus fixed; it then falls to pieces as 
in Fig. 412 and il/g, whereupon the isolated antherozoids, ^vhich now elongate 
considerably, bore through the gelatinous vesicle of the female ccenobiiim (^). Here 



Fig. platycarpiis (after Thuret). A the end of a larj^e brancli (natural size) ; ff fertile branches ; 

.S’ transverse section of a conceptacle ; d the epidermal tissue surrounding all; a hairs projecting through the orilice 
of the conceptacle ; ^ internal hairs ; c oogonia ; e antheridia. 

they penetrate as far as the oospheres, and, after groping and creeping around them, 
apply themselves (often in some numbers) to these. It may be assumed, as has 
been actually observed in many other cases, that one of these antherozoids bores 
into each of the oospheres. Here also fertilisation is followed by the development 
of two membranes, and the transformation of the green colour into a brick red, in 
which condition the fertilised oosphere then passes through a period of rest. 

Slight though the similarity of the fertilisation last described to that of the 
Mosses and Vascular Cryptogams may appear to be, there exists nevertheless no 
real difference as to the main points, since here as there the important fact is the 
fusion of a small antherozoid with a relatively large resting oosphere ; a great differ- 
ence exists only in the fact that in the Mosses and Vascular Cryptogams special 
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organs— archegonia and antheridia— arise on the vegetative body, in which the 
oospheres and antherozoids are developed. But even of this the first (of course 
simple) cases are found in the Algse and Fungi. The vegetative body gives rise to 
special organs, but of very simple structure, the oogonia, in which oospheres are 
produced, and to others, antheridia (which would be better designated as spermo- 
gonia) in which numerous antherozoids (zoosperms) are developed. Se.xual organs of 
this kind occur in a very perfect form in the various species oiFucus (Figs. 413, 414), 
which are also worthy of mention here, because in some species two or several oospheres 
are developed in one oogonium: these become surrounded bythe numerous antherozoids 
and fertilised only after they have escaped from the oogonia, and are floating free 
in the water, though they have no proper movement. In some Phycomycetes also 
several oospheres are produced in one mother-cell, that is in one oogonium. The 



Fig. 4i4.~'Se.\'ua! reproduction of Fuats vi'sk-aiosus, A cell-filniiieiUb beariiiti nntJieriilia ; u 

uiiim with pnraphyses ; 11 the outer ntetuhrane <1: of the ooj^onimn has hnirst, exi>osiib4' ih.e iuiier uue ciaitaina:,.; 
the oospitcres ; ///an oospherc wljich has esca]K'cl, and is surroiinderi b.v antherozoids; /' f.r>t divi.-di.n i»f the ferli* 
lised oospore; //’ young; Fuats produced by tlic tjrowtli of the latter. (After Thuret—A’ X B.-Ts the rest X if-.-.) 

typical cases of the I\r'uscinece and Vascular CiTptogamSj however, are approaclied 
by those Algoe which never produce more than one oospliere in an oogonium/ which 
remains immovable within the membrane of the oogonium, and is fertilised b}' the 
antherozoids entering through a neckdike aperture in it. 

One of the clearest and best observed cases of this kind is met with in the 
genus of non-cellular AIgte, Vaiicheria, common every \t'he.re, figured on p. 108 (Fig. 
107). On cultivating this Alga in a vessel of water at the window in the spring, it 
reproduces itself at first only asexually* At the ends of the tubular branches, 
which are abundantly supplied with chlorophyll, and which constitute the sliooi of 
this plant, a large portion of the protoplasm collects, and it is then separated oil' 
by means of a transverse septum. This mass of proioplasm, which lias pre- 
viously contracted somewhat, then forces its way through an opening formed ai 
the tip, and escapes into the water, as shown on p. 108 at A, Tlie bod}' B thus 
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set free is an asexually produced swarm-spore, which is provided with a velvet-like pile 
of minute short cilia over its whole surface; it swims about with a rotatory motion for 
a short time only after its exit in the early morning, and at length becomes fixed some- 
where and then germinates (Z> and E, p. 108). In the figure referred to is repre- 
sented the sexual apparatus also of this Vaiicheria^ at F in og and h, and the Fig. 
415 annexed gives a more exact insight into the processes of fertilisation. It is only 
after prolonged cultivation, when numerous generations of plants have been produced 
by means of asexual swarm-spores, that sexual organs also appear. These, in 
accordance with the simple structure of the Vauchena^ are formed by the develop- 
ment of protuberances from the utricular shoot, as in Fig. 415 A at og and k. The 



Fig. 415 ’—I 'auchcria scssfOs. A, B development of the antlieridlum a on the branch h, and of the oopfonium 
C an ooLioniutn which has opened and sent forth a drop of slimy substance. D antherozoids. B antherozoids 
collectin,!^- at the of an open oot>‘onium. F, a an emptied antheridium ; osp oospore in tlie oogonium. {A, B, B, B 

from Nature; C, /i after Pringsheiin.) 

Stouter shorter protuberance, the future oogonium, fills itself with protoplasm contain- 
ing abundance of chlorophyll, and growls up into a body which has approximately 
the shape of an oblique lemon {og in B) joined to the tubular vegetative branch by a 
very short stalk-like portion. At this place the mass of protoplasm which has 
collected within the oogonium becomes, separated off from the vegetative part of the 
plant by a transverse w’all. At length the apical papilla of the oogonium opens, 
the protoplasmic body contracts a little, rounds itself off, and expels a drop of slime 
through the open neck — a process which occurs in many other cases of fertilisation, 
and is perhaps quite general— (C at si). While the oogonium thus prepares for 
fertilisation, there is developed on the tubular process h, which eventually becomes 
curved like a beak, the antheridium a (in B). In this also protoplasm collects, and 
becomes divided off by a transverse wall from the stalk-like portion of the beak, 
and then breaks up into a very large number of extremely minute corpuscles, 
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each of which is provided with two cilia: these are the antherozoids, Z) in Fig. 415. 
About the time when the neck of the oogonium opens, the antheridium also bursts at 
the apex, and allows its numerous antherozoids to escape. For reasons which will 
appear later it is not very probable that the fertilisation which now follows takes place 
between the two sexual organs which, as in the figure, stand close together; on the 
contrary, it is probable that as a rule the antherozoids of another sexual apparatus 
effect the fertilisation of the oosphere in the oogonium. At least one antherozoid 
enters the oosphere, whereupon the latter becomes clothed by a thick firm membrane, 
and, after the whole oogonium has become separated from the parent plant, the 
dormant period sets in, after which the fertilised and encysted oospore is in a con- 
dition to germinate. 

With the reproductive processes last described, although they take place in an 
Alga so simple as to be even non-cellular, we have, as already stated, made an 
approach to the typical reproductive processes of the Mosses and higher Cryptogams. 
In fact the alternation of generations (the first as yet dim beginnings of which, more- 
over, are to be recognised in many other Algae and Fungi) here comes more clearly 
into view. 

We may now turn to the reproduction of the Moss, and since it is by no means 
my object to give a complete review of all the subdivisions of the Vegetable King- 
dom, I shall take from the whole of this immense group (passing over the Liverworts) 
only one example from the subdivision of the true Mosses, selecting the most highly- 
developed forms. 

Fig. 416 may serve for preliminary guidance in the matter. It represents one 
of our commonest Mosses, Catharinea imdulaia^ at the height of its development. 
There are to be noticed numerous erect shoots furnished with leaves, and bearing at 
their apices the ‘Moss-fruits' or Sporogonia; these are curved capsules on long 
slender stalks, each being provided with an anterior beak, and clothed with a cap, the 
so-called calyptra. These apparent ‘fruits,' ho^vever, are something quite different 
from the fruits of a Flowering-plant. If it is wished to obtain the latter — e. g. the 
cherries from a Cherry-tree — separately and independent,the}- must be torn or cut aw’a}^ 
for such fruits are part of the plant on wLich they are situated. The case is quite 
otherwise with the Moss, however. With a little force, the stalk of the ‘ IMoss-fruit ' 
can be easily pulled out from the shoot in which it is situated ; its tissue is not really 
continuous with that of the shoot, but the stalk is simply stuck, so to speak, into a 
sheath. The developmental history shows that the so-called IMoss-fruit is, as a matter 
of fact, not a part of the parent plant at all, but an independent body of quite different 
organisation, wiiich is situated on the green leafy shoot of the Moss-]iant like a 
parasite, and simply for purposes of nutrition. We see in the figure, in fact, the two 
chief phases of the life-history — the t^vo alternate generations. The lMoss~|>lant, con- 
sisting of roots and leafy shoots, was developed originally from a .spore, and was thus 
produced asexually; on the leafy shoot were subsequently develojicd the two kinds of 
sexual organs, female (archegonia) and male (antheridia). Each archegonium con- 
tained an oosphere, and each oosphere, after fertilisation, by means of very slow growth 
and numerous cell-divisions, developed into a Moss-fruit, and this in its turn finally 
brings forth asexually developed spores in the capsule ; the capsule opens by the anterior 
beaked portion falling off like a lid, and the spores fly out like dust. The .Moss-plant 


THE MOSS. 


735 


proper, however, is not developed forthwith from these germinating spores, but the 
latter give rise in the first place to a pro-embryo, a preliminary stage of the proper 
plant, and which is temed the Protonema ; all that is most essential respecting this 
has been stated in Lecture V (p. 68). On this protonema the leafy shoots arise by 
altered growth and correspondingly altered cell-divisions. I pay no further attention 
to this structure here, although it forms one of the most effective organs of propa- 



Fig. 4t6.'~~Caf/ianttea widnlatiX, a Moss (after Scliimper). 

gation, and in some cases, indeed, goes on living for years, whereas the proper Moss- 
plants on it only recur annually as temporary structures. 

More detailed consideration of the true reproductive organs may be made in 
connection with another Moss, Ftmarta hygrometricay already mentioned previously, 
which occurs very frequently in. dense clumps on grass-plots, in woods, &c., and is 
conspicuous even to the non-botanical observer by means of the very numerous and 
long-stalked bright orange-red ^ fruits/ The pjantlets themselves are small, only a few 
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millimeters high, the stems being furnished with only a dozen or so of leaves. The 
stem bears at its apex groups of sexual organs, and these groups may almost be 
spoken of as ‘ flowers.’ The smaller specimens are male, and produce exclusively 
antheridia, which stand crowded together in large numbers within a rosette of leaves 
surrounding them like a perianth. The female plantlets are larger and bear at the 
apex of the stem a dozen archegonia, which are surrounded by a more bud-like 
and closed perigone. 


It has already been pointed out that the archegonia of the Moss and also of 
the Vascular Cryptogams are fundamentally essentially the 'same as the oogonia of 



FiC. 417. — Fuucti-ta hyr^nnnt'frica (n Moss), y/ female 'flower'; a archejjoiija ; ein-eiOiu'tSi^ leases. /> a srinj^.’c 
archeyoniurn before the opt‘nin^^of tlie cover 7 n and tlie ncclf, h ; b the voairal portion with the oe.sj-iljerc, c' the iieck 
of an old archegoniiim after fertilisation. 


the Alga^, and that in like manner the antheridia are only more complicated in 
structure than is the case in the latter. 

In Fig. 417 are shown, at A the female flower in longitudinal section, with a 
group of archegonia at a, and the perigone-leaves in section at k B represents the 
anatomical structure of an archegoniUrm at the time when the oosphere is not yet 
ready for fertilisation, but will be so in a short lime. At b is the ventral portion of 
the archegonium, which is supported on a short and somewhat thick stalk; from h to 
7 n is the neck, which is in most Mosses remarkable for its great length, and which 
is still closed above, at m, by four covering cells. In the ventral portion is seen a 
long ovoid cavity, from which a canal runs through the entire length of the neck 
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up to the covering cells m. Fundamentally, however, both together form one row 
of cells, occupying the axis of the entire archegonium, the protoplasm of which 
is contracted in the figure and rendered more visible by the mode of preparation. 
The lowest and largest mass of protoplasm constitutes the still unripe oosphere ; 
in the central cavity above it lies a smaller cell, the so-called ventral canal-cell, and 
the narrow neck-canal is still filled up by thin long-drawn masses of protoplasm, the 
neck canal-cells. When the archegonium is quite ripe, and if water gains access 
suddenly, the now'- deliquescent canal-cells swell up strongly and exert a pressure 
which causes the neck to open at the covering cells parting asunder : the 
mucilaginous substance contained in the canal then escapes, and an open passage is 
thus formed, at the base of which, in the belly or venter of the archegonium, the 
now completely developed and spherical oosphere lies. In this condition fertilisation 
can take place. 

The antheridia of the male plant, which have meanwhile become completely 
developed, are, in the mature condition, sac-like bodies situated on thin pedicles. 
The will of the sac consists of a single layer of cells, containing chlorophyll, 
the colouring matter of which turns red on ripening. The whole of this enclosed 
cavity is filled with innumerable very minute cells, each of wiiich produces an 
antherozoid. If the antheridia are completely developed, and a drop of winter lies 
on the male fiowor, the antheridia become ruptured at the apex in consequence 
of its absorption, and, as showm in Fig. 418 A (at a), a dense mucilaginous 
mass is extruded from the opening, consisting entirely of the mother- cells of the 
antherozoids, as showm at b. By absorption of water these cells swell up, and 
become isolated, and the antherozoids soon escape from their envelopes and sw^arm 
actively in the water. The antherozoids of the Moss are spirally wound filiform 
bodies thicker at the posterior end, and pointed and provided with tw’o long cilia 
anteriorly (Fig. 418 i?, (f). 

As in all Mosses and Vascular Cryptogams, the archegonia as well as the 
antheridia open after they have become quite ripe, but only if they are immersed 
in water. The completion of this* process in the case of the Mosses is favoured 
by their tufted habit : the plantlets stand close together, and wben it rains the tufts, 
with their small interspaces betwoen the leaves, act like a sponge, the male and 
female flow'ers become thoroughly wotted, and those archegonia and antheridia 
w'hich have just become ripe open: the antherozoids now swim about in the 
water winch saturates the tuft of Moss, and . some of them occasionally come near 
the mouth of an archegonium. Then, as if impelled by an attraction exerted by 
the oosphere and by the mucilage extruded, they collect together at the aperture of 
the neck, some penetrate by their owm movements into the canal, and finally one 
antherozoid reaches the oosphere, and certainly penetrates into it and dissolves its 
substance in it. 

Herewith, then, fertilisation is accomplished, and as usual the immediate effects 
are that the oosphere excretes a cellulose membrane, and then slowly begins to grow’’ ; 
this growth is accompanied b}^ corresponding cell-divisions, and thus is produced 
a multi-cellular embryo (Fig 419 A,//') in the venter of the archegonium {hb). 
During the further growth of the embryo, the venter of the archegonium also goes 
on growing vigorously in company , with it, as may be easily seen from Fig. 419 

[3] ’ ^ 
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B and C. It will be noticed how the neck h of the archegonium, which has now- 
turned red, and is decaying, is still situated above. This still growing venter, 
investing the embryo as a loose sac, is the Cal)^tra. 

Enclosed within the calyptra the embryo of the Moss now grows up into a long 
approximately spindle-shaped body/, the lower end of which bores into the tissue 
of the Moss-stem, but without coming into true organic connection with it. When 
this elongated embryo has attained a certain length, the calyptra tears away near its 
base ; the lower part remains attached to the stem as the so-called vaginula, while 



Fig, F unaria kyg'yametrim. A In- 

ception of the sporogoniinn ff* in the ventral 
portion bb of the archeg'oniuni (optical lon.if. sec. 
X 500). B, C, further statre-s of development of the 
sporoi^oniuni/and of the calyptra c ;/# neck of 
archegonimn x {about 4a). 



Fig. 420.— Fwwariii /ijnyrffmeirim. A 
leafy stem ^ with calyptra t\ B a plujt r 
tvith sporogoniutu nearly ripe r .v seta ; ,/ 
caj^sule; c calyptra. C longitudinal median 
.secfioti of thecnjjsuk (urn); npcrculuni ; a 
annulus ; / pteristome rr' coluineUa; J: air- 
space. di" primary mother-cells -rS the spores. 
The tissue of the cohunella becomes luuso 
and filamentous below. 


the whole of the upper part of the calyptra is carried up by the elongating ernbrj'o, 
which it invests closely, and by which it is nourished. The upper portion of the still 
stalk-like embryo, within the calyptra, no'w swells out and becomes thicker: this 
forms the spore-capsule of the Moss-fmit, the calyptra still remaining on it. 

It would require too much space to describe in detail the devcIo|>ment of the 
Moss-fruit: all that is necessary may be explained by means of Fig. 420. Here is 
shown {c in A) the calyptra still enveloping the whole of the embryo ; at B the latter 
has already become developed into the Moss-fruit or Sporogoniiim, consisting of 
a long thin stalk s (Seta), and the spore-capsule f (T'heca) on which tlie calyptra 
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c is situated. C represents a longitudinal section through the spore-capsule, which 
consists of various layers of parenchymatous tissue within a very strong and well 
developed epidermis, and forms anteriorly the lid (Operculum) ^ already men- 
tibned. A central mass of tissue {c^) composed of large cells, is separated by 
means of large intercellular spaces h from the peripheral layers of tissue of the 
capsule, and is distinguished as the columella. A layer close to the periphery 
of the columella produces the mother-cells, each of which gives rise to four spores 
by repeated bipartition. It may here be remarked that the spores of the Vascular 
Cryptogams, just like those of the Mosses, also arise from their mother-cells as 
tetrads (quarters), and that the pollen-grains of the flowering plants do exactly the 
same, since they also are in fact nothing other than spores. 

When the spores of the Moss-capsule are ripe, the operculum <5? (Fig. 420 C), 
which consists of epidermis, becomes loosened from the urn-shaped portion of 
the fruit at a, the large-celled parenchyma becoming disorganised, and thus the 
cavity containing the spores opens. In the more 
highly, organised Mosses there remains, after the 
falling away of the operculum, a simple or double 
crown of beautifully formed organs, the Peristome, 
composed of solid portions of the cell-walls of the 
tissue which fills up the cavity of the operculum ; 
this contributes to the dissemination of the spores, 
the ^ teeth' of the peristozne rolling up and unrolling 
hygroscopically. Fig. 421 shows the structure of 
a double peristome in a particularly excellent ex- 
ample. 

The spores when emptied out of the capsule 
germinate and give rise to the protonema, from the 
consideration of which 'we started above. 

I will describe the reproductive organs and 
alternation of generations of the isosporous Vascular Cryptogams so far as is needful 
for our purpose, in the case of the Equisetacese or Horse-tails, taking as an example 
the largest and handsomest of our native species, Equisefum Telmateia^ with which 
moreover the common Equmhmi arvense of the fields, abundant everywhere in 
pastures <fec., agrees. All the species of Equisetum .Hve chiefly under ground, where 
their shoots, which have the form of rhizomes, grow on in part horizontally, in part down- 
wards, and often occupy large areas. On the rhizome are produced buds which are 
directed upwards from the first, and in the spring grow upwards, often from consider- 
able depths, to expose themselves to the daylight ; these shoots, however, are of two 
kinds. Some of them, which do not emerge until later, when the w^eather is warmer, 
grow up to the height of a man and produce in the axils of their membranous leaf- 
sheaths whorls of thin lateral shoots, which then again branch in like manner; these 
are the foliage shoots of these plants, the tissue containing chlorophyll however being 
developed not in the inconspicuous leaf-sheaths, hut in the cortex of the secondary 
and tertiary shoot-axes. Their products of assimilation pass into the subterranean 
rhizomes, and these, under favourable conditions, may probably go on living for 
hundreds of years. 



Fig. 421.-— Mouth of the itm 
(theca) of Fontinalis antipyretica 
(after Schimper : X 50) ; tip ex- 
ternal peristome ; ip internal 
peristome. 
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The other kind of orthotropic shoot, which comes forth into the daylight, makes 
its appearance early in the spring, produces no chlorophyll, and has only the one 
object of bringing to maturity the asexual spores produced long previously when 
the shoot was still under ground, and to scatter them to the wind and so sow them. 
These sporangiophores, which only attain a height of 20-30 cm., terminate above in 
an ovoid or cylindrical ‘ fructification,' if one will so term it; L e. the apical portion 
of the shoot-axis bears, in closely superposed whorls, numerous hexagonal shields 
(metamorphosed leaves), fixed on slender horizontal stalks, and bearing on their 




Fig. 42^.-- Development of spores of Juiuiselum 
iit}wsn}?i (X 800). unripe spore with three coats, fresh 
and lying in water. B the same after lying fur two 
or three minutes in water ; the outer coat has become 
raised A large vacuole is seen near the nacleiis. l 
early stages in the development of the elaters on the 
outer coat (e — i in Figs, .-f and B). />, /:' similar stages 
in optical section, after twelve hours in glycerine; e the 
membrane whence the elatcr.s are formed, c and;-? the 
separated inner membranes. /•' the outer membrane split 
into spiral elaters, which arc coloured blue by chior-uinc 
iodine. 


Fig. Teimateia. A upper part of a fertile shoot with the lower half of the sporifenms spike 

(nat. siiie) : b leaf-.sheath ; a so-called ‘ annulus ’ (bracts ; ,v the pedicel of sporangial leaves which have been re- 
moved; jv transverse section of the axis, B peltate sporangial leaves in various positions (slightly maguihcdj : sf 
pedicel ; .f shield ; .vg sporangia. 


under-side (die one turned towards the axis) a large number of thin-walk-d delicate 
sacs, the sporangia. These points will be rendered sufficiently intelligible, even 
without detailed descriptions, from Fig. 422. The ripened sporangia dehisce, eacli 
by means of a longitudinal fissure, and allow their spores to escape. It is onl}’ 
necessary to tear off one of these sporangiophores in March or Ajirii and knock 
the head on a plate, for instance, to obtain the spores in large quantities in the 
form of an extremely fine greenish powder. On collecting this on a piece of 
paper, for instance, and breathing lightly on it, an agitating writhing movement 
is noticed in it: this is still more obvious when the same experiment is made 
with a few spores on a glass slip under the microseo|)e, with a low power. It 
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is then observed that each individual spore is a spherical cell provided with a thin 
tough membrane and with protoplasm containing chlorophyll, and has two mutually 
crossing long bands attached to it at one point {n, Fig. 423 A, .B). When 
the air is dry these crossed bands are thrown widely apart ; but it suffices while 
looking through the microscope to simply breathe lightly, and thus supply the 
spores with damp aiiy to put the bands in motion at once, and they then roll 
themselves together round the spore with extraordinary rapidity, as in Fig. 423/" 
energetically opening out again at once w^hen 
the small quantity of moisture hygroscopically 
absorbed evaporates. These movements of 
the ^ elaters ' take place so energetically and 
rapidly that the spores are put into jumping 
movements, which will evidently also occur in 
the open as the moisture of the air changes, 
and may in some way contribute to bring the 
spores into suitable places for germination. 

The sporangiophores of the above Equi- 
setum disappear after the sowing of the 
spores ; other species, however (e. g. JF. linio- 
sim^ which sometimes completely fills up 
large swamps) send up shoots of one kind 
only above the soil, which contain chloro- 
phyll, and bear the spikes of sporangia at 
the apex at the same time. 

The whole of the Equisetum- plant so 
far described is devoid of sexual organs; the 
only reproductive organs it produces are the 
sporangia described. The wEole plant is 
thus quite asexual, and this holds gopd not 
only of the Horse-tails, but in exactly the 
same way of the Ferns and Lycopodiace^ 
and Selaginell^e, See. In all these cases the 
ordinary, long-lived and sometimes (as in 
the case of Tree-ferns and extinct Lepido- 
dendra) huge tree-like plant is asexual; it 
always produces as reproductive organs spo- 
rangia only. 

If now the spores of the Horse-tail are sown on the surface of water, for 
instance, on wEich they float, an opportunity is easily afforded of observing their 
early stages of germination. These are represented in Fig. 424. In / and 
11 the germinating spore is seen to be in the first place segmented into root 
[w) and shoot (/); the root, a simple utricle, turns geotropically downwards, 
while the shoot containing chlorophyll {/) floats on the water and undeigoes 
numerous successive cell-divisions. Germinating on ordinary water, however, the 
plantlets usually develope no further than in Fig. 424 F 7 ; they attain their complete 
development, how- ever, if the spores are sown on loamy soil or on the surface 



Fig, 434. — First Staines in tiie 
development of the prothalliuiu of 
Eqitisetitm Teimateia : w first root- 
hair j t incipient shoot. The de- 
velopment is in the order of the 
numbers /— F/ (X about 200). 
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of a block of turf saturated with nutritive substances. The result is that in the 
course of several weeks tiny plantlets are produced, usually in dense tufts, which 
on closer investigation are seen to be of two kinds, namely, smaller male plants as in 
Fig. 42^ A, and much larger female plants as in Fig. 426. Consideration of the 
figures referred to shows that the plantlets produced from the spores (wFich moreover 
are very difficult to cultivate) present not the slightest similarity to an Equisetum 
plant. The latter is in every respect a highly organised plant, its roots accord 
entirely with the type of the higher plants, its shoot-axes and leaves are clothed 
\vith a very strongly developed epidermis, and the fundamental tissue of the shoot- 
axes contains strands of sclerenchyma, in addition to colourless and green paren- 
chyma, and the vascular bundles, although thin and delicate, nevertheless possess 
all the essential elements of such. Matters are quite othenvise with the plantlet 
produced from the spore, the branched shoot of which possesses assimilating 
chlorophyll, it is true, but in other respects presents the simplest cellular structure ; 
the roots are simple long utricles. 

It is already clear that the germination of the spore of a Horse-tail signifies 
something very different from the germination of a seed of the flowering plants ; 
even the tiniest seed, such as that of Tobacco or of a Campanula, contains a young 
plant, an embryo, which on its first development at once reproduces the characters 
of its mother-plant. It would therefore be very inappropriate to name the small 
plantlets developed from the spores of the Equisetum simply embryos, since they play 
an entirely different part in the developmental history; they are usually termed 
prothallia. 

The small male prothallia of give rise at their margins to several 

antheridia which form only a few antherozoids. They consist of a simple layer of 
cells and a core of tissue each cell of which produces one antherozoid. Tlie ap- 
pearance of the latter is shown in Fig. 425 .S' and D ; like those of the Ferns the 
antherozoids of the Equisetese have also numerous cilia for the purpose of executing 
swimming movements, since as in the case of the AIgse and Mosses, and as in all 
Vascular Cryptogams, fertilisation by means of antherozoids can only take place with 
the aid of water, even though the prothallia grow on soil which is only damp, 
%vhere the sexual org*ans become so far ripe that on the o|’>portune saturation of 
the W'hole tuft with water the antheridia and archegonia open, and the antherozoids 
can swim from the former to the latter. 

The archegonia of the female prothallia are represented in Fig. 426 at ^7. 
They have in the main the same structure, as those of the I\Ioss, only they arc 
more simply organised and their ventral portion is immersed in the tissue of the 
prothallium, from which only the neck protrudes. Here also the oospliere arises in 
the venter of the archegonium as a rounded mass of protoplasm Ij'ing free in ilie 

central cavity. Here also an open canal leads to the exterior from which the 

deliquescent canal-cells are expelled at the moment of opening. I am not 
aware that any one has as yet observed the entrance of an antherozoid into tlie 
oosphere itself, in Equisetum; but that this occurs tliere can be no doubt, since 

in the case of the Ferns and their allies various good observers have repeatedly 

succeeded in directly observing the act of fertilisation. 

After fertilisation the canal, as in all archegonia, becomes dosed. The oosphere, 
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now invested mth a new cellulose wall, and the embryo produced from it are thus 
completely enclosed in the tissue of the parent-plant. While the embryo itself 
slowly grows up, with accompanying cell-divisions, the tissue investing it also in- 
creases m volume, and cell-divisions result in it. The manner in which, not only 
m the case of the Equisetacem but also in the Ferns, the growing oospore (or 
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Fig. male prothallus of Etpusehim 

anmtse, with the first antheridia a (after Hof- 

meister, X 200). B—B ■untharozoids Ec/uiseium 

Teimaieia Schaclit). 







Fig. 426.— Vertical section of the lobes of a 
vigorous female prothallus of Eqm'sehtm ar^mse 
(after Hofmeister). At aaa two barren and one 
fertilised archegonium ; /t root-hairs (X about 60). 


Fig, 427.— -Development of the embryo of Equisetum arvense (after Hofmeister). A vertical section of 
archegonium a with embryo /{X 200). B a free embryo further developed ; b incipient first leaves ; s apex of 
the first shoot (X 200). C vertical section of a lobe of a prothallus/iS with a young Eqmsetu 7 ft: w its first root ; 
b b its leaf-sheaths (X 10), 

what is the same thing, the young embryo) first breaks up into so-called octants 
by means of three walls standing at right angles to one another, which then 
become further divided up by means of anticlinal and periclinal cell-walls, and 
how in this -way there arises at last a tetrahedral apical cell for the first root 
and a similar one for the young shoots, and how the first inception of the leaf 


7 , 44 ’ 


LECTURE XLL 


takes • place, have all eady been indicated at another opportunity (p. 446, Fig. 283) 
and it may be at once pointed out that the development of the embryo of the 
Vascular Cryptogams generally may be referred to that scheme, although occasional 
deviations occur. However, it lies quite beyond our present purpose to enter more 
closely into these embryological details. What especially interests us is sufficiently 
explained by Fig. 427. At -.4 is seen the neck of the archegoniiim i?, and at / the 
young embryo ; at ^ is an embryo somewhat further developed, of which however 
only the shoot-portion can be seen, the growing-point of Avhich is at and its 
first still very young leaf-sheath at hj in the form of an annular wall. In C 
the young Equisetum is already growing up ; its shoot K already supports two 
leaf-sheaths bl/ and the first root to is growing downwards. The base of the plantlet 
(and this is here the true embryo) is still inserted into the tissue of the prothallium />/>, 
by which it is still chiefly nourished. When the whole Equisetum itself becomes 
stronger the prothallium, disappears ; the embryo remains somewhat feeble during 



Fig. Cctpillns'VcniriS!. Prothalliiiin seen from below // with the 3’oun|,»' I'cni atrachcvl, 


first leaf ; primary root ; w'' secondary root ; h root*hairs of prothallus (x about loj. 

the first year, however, though it produces from its lower leaf-sheaths a few lateral 
shoots, which penetrate downwards into the soil to continue the growth next year, 
since the plantlet arising directly from the embryo itself perishes in the autumn. 

In the Ferns and Ljcopods all the essential points of reproduction repeat 
the.mselvcs as in the case of Equisetum, so that a detailed descri])tion would be 
superfluous. To present a few points of resemblance only, I may briefly mention 
that in our better known native Ferns, and in very many otliers, the sporangia 
arise on the lower side of ordinary large foliage leaves^ or on melamorphoseti 
portions of them (as in the Royal Fern, Osmumia regalii) mostly in enormous 
numbers, and very small in size; they are stalked capsules, which appear to the 
unaided eye as minute granules. On sowing the very resistent fern-s|>ores from 
the spontaneously burst sporangia, they germinate after some time and produce 
in the normal course of events a prothallium, which possesses approximately tlie 
form of a cordate leaf, 1-5 cm, long and broad, on the lower side of which 
are developed antheridia, and archegonia, from the fertilised oospheres of whicli the 
new Fern-plants arise. I'he most essential points here coming into consideration 
are illustrated in Figs. 428 and 429. 
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THE ORGANS OF REPRODUCTION A 

IIETEROSPOROUS VASCULAR CRYPTOGAMS; GYMNOSPERMS ; ANGIQSPERMS. 

There existed during previous geological.epochs Horsetails with two kinds of 
spores ; but the species are extinct. Nevertheless we have still two small families of 
Fern-like plants, mutually very distinct, which in spite of their great differences 
are usually grouped together under the absurd name Rhizocarpese : these are the 
Salvinese and the Marsiliem in which are formed two kinds of spores entirely 
different in nature, and the same peculiarity is again met with in the case of the third 
great subdivision of the Vascular Cryptogams, namely the Lycopodiacese (Z?zV/w- 
iomem). Here also there are two very different families, the Selaginellx^ and the 
Isdetese, in which two kinds of spores are produced. I cannot here suppress the 
remark that it harmonises little with Darwin's views when we see repeated in three 
very different classes of the vegetable kingdom, with otherwise similar spores, a 
phenomenon so important as is the production of two kinds of spores with their 
consequences. Certainly it cannot be explained by natural selection in the struggle 
for existence. This however simply by the way. 

The consideration of a few cases where the development of tw^o kinds of spores 
takes place is essential to the reader, since a satisfactory insight into the reproduction 
of the Coniferm (Gy mnos perms) and in fact of the true dowering plants can only be 
attained by this means. One of the most magnificent results in the province of Embryo- 
logy was ITofmeisteFs demonstration in 1851 of the fact that the formation of seed in 


^ As in the first eleven lectures, which are to be regarded simply as an organographicai 
introduction to the physiology proper, so also in the two preceding lectures my wish has been only 
to give a very condensed sketch of the organography of the reproductive apparatus. From the 
astounding variety of materials to hand only a few examples could, be taken into account ; those 
who desire more detailed information concerning the organisation of the reproductive system, and 
(what can scarcely be avoided here) as to their phylogenetic or systematic connection in the various 
subdivisions of the vegetable kingdom, will find in my ‘Text-book of Botany’ a rapid but very 
thorough survey in this connection. Still further details, especially with respect to the most recent 
observations on the AIgpe and Fungi, and the remarkable developmental relations of the sporangia 
of the Cryptogams to those of the Phanerogams, are to be found in Goebel’s new edition of my text- 
book, which has just appeared under the title ^ Grundzu^e der*‘Systematik.’ ^ herc is an English 
edition published by the Clarendon Press,. Oxford. . 
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the Phanerogams is essentially nothing diiferent from the processes in the 
germination, of the large spores of those Cryptogams which possess two kinds of 
spores. Hitherto it really appeared as if a deep and impassable gap existed 
between the reproductive processes of the Cryptogams and Phanerogams ; but 
Hofmeister showed thirty-one years ago that this gap does not really exist, that it is 
filled up by those forms of Cryptogams which develope two kinds of spores; or in 
other Avoids, certain forms of Phanerogams, particularly the Gymnosperms (Cycadese, 
Conifer^e) approximate in their seed-formation so closely to certain heterosporous 

Cryptogams, that we might iiow fneliide these 
plants equally justly Avith the Cryptogams as 
with the Phanerogams. This discovery has cast 
an entirely new light on the interdependence 
of the Avhole vegetable kingdom. 

In the case of Jl'farsiiia, already shoAvn in 
Fig. 392 (p. 699), there arise from the petioles 
of the foliage leaves stalked sporocarps approxi- 
mately of the shape of a Bean. In the interior 
of these a large number of delicate-Avalled spo- 
rangia are formed, which at first are in so far 
alike that in each of them a large number of 
motlief-ceils are dcA^^eloped, Avhich in their tiirii 
divide each into four daughter -cells, as occurs 
generally in the spore-formation of all Miiscineae 
and' Vascular Cryptogams, nod /in :;tlxe''' tlevelop- 
ment of the pollen of Phanerogams. From this 
point onAvards, hoAvever, a difference occurs. In 
a number of the sporangia all the spores pro- 
duced by division into four attain to complete 
development; but they remain small and are 
th erefore called Microspores, 1 11 the othe r spo- 
rangia of the same fruits, on the contrary,,, only , 
a single one of all the spore-ce,IIs already , p,ro-. :' 
duced attains completion ; this one, ho.AvcA'er, , 
attains such vigour that it up 4 lie;,'C:a''vity of//' 
the sporangium — it is the Macrospore. 

Lying in Avater the spore-fruit of the .liar- 

immature sporocarp. JI a similar chamber i -i ^ r* t ■. . 

from a ripe sporocarp : /«/ microsporangia; Slka bUrStS, UUd b}’ mCanS Of U VCIT ITmarkablc 

wrt:,,n-iacrosporangia., . ■ ' ' ■ , . " 

mechanism the macro- and nncro-s|)ora!igia 
become expelled from the sporocarp (Fig. 430), Avhereupon the further development 
of both kinds of spores begins at once. 

The contents of the microspores break up by successive bi-parliiions into 
sixteen or thirty-tAvo small round cells, in each of which arises an anilicrozoiii Avhich 
possesses the form of a cork-screw with many turns. As soon as the antlierozoids 
are completely developed, the external hard shell of the mierospore opens, and an 
inner thin membrane SAvells up as a vesicle, and eventual]}' contains the antherozoids, 
which then by deliquescence of the vesicle emerge free into tlie Avater, in which 



a sporo- 
carp (nat. skej ; J/ upper part of its stalk. B 
a sporocarp burst in ivater and extruding the 
gelatinous ring. C the gelatinous ring is 
ruptured and extended : sr chambers con- 
taining sori; seJt coats of sporocarp. D one 
of the chambers containing a .snriis, from an 
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they move forwards, their spirals rotating: as in many other cases a delicate vesicle 
clinging to their hinder end is carried with them {Fig. 431). 

In the narrower end of the very large tnacrospore, which is filled with starch - 
grains and invested with a very thick firm membrane, the first rudiment of the 
prothalluB arises under the apex by the collection and rapid division of a mass of 
protoplasm. Thus the prothallium is incepted 


ill the interior of the spore : it is separated off 
from the remaining (far larger) cavity of the spore, 
by means of a transverse wall, the diaphragm. 
Then the apex of the spore opens, and as the 
diaphragm protrudes beyond the opening as a 
vesicle, the young prothallium is forced out of the 
spore-cavity, and thus comes into the lower part 
of the so-called ^ funnel,' which is formed by a trans- 
lucent soft gelatinous mass situated at the anterior 
end of the macrospore ; a funnel-shaped canal in 
this gelatinous mass leads down to the prothallium. 
The latter is, however, very small in comparison 



with the very large macrospore, and from its whole 


cell-structure it may be looked upon as practically 
a single archegonium. 

On allowing the sporocarp of a Marsilia to 
open in a glass of w’ater, the stages of development 
of the macro- and micro-spores described may be ob- 
tained after from ten to fifteen hours, the temperature 
being suitable. The water swarms with thousands 
of the rapidly moving antherozoids, hundreds of 
which now crowd into the funnel-opening of the 
macrospore, while others bore directly through the 
soft jelly ; some of them reach the naked oosphere 
lying in the venter of the archegonium, from which 
in the course of two days an embryo like that in 
Fig. 432 is then developed, which already possesses 
the first leaf b, the apical-cell of the shoot-axis 
the primary root and the so-called foot f. By 
means of this foot f the embryo is attached to 
the protruding vesicle of the macrospore c, and is 
nourished by the latter. The whole structure at 



Fig. i,2,i.~^MarsiHa salvatrix. Upper 
fig-ure, Macrospore with gfelatinous en- 
velope sli and apical papilla protruding 
into the funnel. In the papilla is a flattened 
yellow drop; sg' ruptured wall of macio- 
sporangium {X about 30). L-ower figure, 
ruptured microspore after the escape of 
the antheroaoids ; ex epispore ; dl extruded 
endospore, containing granules; z s spiral 
antherozoids ; y y their vesicles, contain- 
ing starchy granules. The gelatinous en- 
velope of the niicrospore has disappeared. 
The protuberances on the exospore are 
wrongly represented (X SSo)* 


this stage is strikingly suggestive of the develop- 
ment of a Fish still bearing the yolk-sac at its ventral surface. As in the I\Iosses 
and Ferns, so also here the archegonium goes on growing for some time longer, 
and appears in the figure as an envelope consisting of two cells and investing the 
embryo, the neck portion of the archegonium {a) being still quite evident. From 
the lower part of the archegonium or prothallus (/ /) numerous long root-hairs 
grow out iph) by means of which the whole structure is anchored firmly at the 
bottom of the water ; since it is one of the first objects of every embryo-plant to 
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obtain a fixed position in order that it may maintain a definite direction with 
respect to the external world. Finally, it should be remarked that in Fig. 432 
also the gelatinous mass referred to (//) is still to be seen, enveloping the whole 
germinating apparatus. 

When at length the whole of the store of nutritive material in the macrospore is 
exhausted, and the young plant has produced several roots and leaves, it becomes 

free from the prothallus and other parts coil- 

S f cerned in its origin, and developes into a 

perennial plant. 

jnjMi We have here a first step in the transition 

Ji I m\\ I germination of a spore to the develop- 

/ nient of a seed. The two parts prothalliiim and 

j embryo represent, as we see, the two alternate 

generations which we found completely sepa- 
\ rated in Equisetum and the ordinary Ferns, each 
HI !\ independent living plant Obviously, we 

V might also suppose the prothalliiim to be de- 

*^0 veloped in the interior of the macrospore and not 

1^1 protruding, and that it, together with the embryo 

developed in it, remained enclosed in the thick 
membrane of the macrospore ; in this case the 
germinated macrospore would constitute the 
essential part of the seed of a Phanerogam, 

' The behaviour on geiinination of 

Lycopodiaceae which possess two kinds of spores, 
however, actually accords with the idea just put 
forward. Fig. 433 shows at A the macros|:)ore of 
the genus Isoe/t's and at B the prothallus with its 
archegonium a, developed entirely in iis Interior, 
These points come out still more clearlv 
m the germination ot the spores or the genus 
Selagmella. The sporangia here arise in the 
axils of the leaves at the ends of the foliage 

da- t,‘pispore, with prismatic structure; sllOOtS FifT i Q 1 A show^; thc tihnfti of 

cavity beneath the prutruded diaphra.tfiu on ollUULS). i- ‘f,* 4.54 oliUWb IIIL iClUlC bliUUl Ul 

wiiich the basa! layer of tlie prothalliuiu is « lookcd Jit frrviTl TliP w 

situated ; /i- prothallium ; ve/j its root-hairs ; JUUKCU ctl irOIll lUC OUIMCR, . kS 

same in longitudinal section. Tiie sp.orangia 
situated in the leaf-axils are obvious at once, 
is observed that those on the riglit .^ide 
contain only four (only three are visible) large 
spores, whereas the sporangia on the left side 
contain numerous microspores. If the macrospores and rnicrospores are sown 
separately on a suitable damp substratum, both develope, it is true, luii no subse- 
quent fertilisation occuns : the unfertilised macrospores give rise to prothallia with 
archegonia, it is true, but no embryo arises in these* This fiict, which can be 
confirmed in the case of the most dififerent Cryptogams, is in so fiir of great value as 
it is not always feasible to observe directly the entrance of amherozoids into the 


Fig. 432. — J/frr.rj/ft? SLT/‘Z'cT^’r^^.•, Loa;4ii- 
tudinal section of inacrosporo, prothallimn, 
and embryo (X about 60) ; izm starch-grains 
in spore; dinner membrane, ruptured above; 
fx~ epispore, with prismatic structure ; <: 
cavity beneath the protruded diaphrag'iu on 
which the basa! layer of the protluilHuiu i,s 
situated ; prothallium ; wh its root-hairs ; 
a archegonium ; /'foot of embryo; veits root ; 
s its .stem-apex ; h it.s first leaf, which di.stends 
the prothallus ; si gelatinous envelope of the 
.spore ; at nr.st it forms the funnel above the 
papilla, and it still envelopes the pruthalliuin 
(50 hourjj after sowing). 


contain numerous rnicrospores. 
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oosphere ; the suppression of the fertilisation and development of the embryo when 
the access of antherozoids is prevented, however, is a certain proof of the necessity 
of the union for the formation of an embryo. 

The processes of reproduction which alone interest us here can be rapidly appre- 
hended from Fig. 435. I represents a widely open macrospore ; from the aperture 
through the very thick external spore-membrane, the prothallium da projects, bearing 
at a an unfertilised archegonium; at II is seen a young unfertilised still closed 
archegonium, in which the lower shaded cell represents the as*}>-et unripe oosphere, 
and the conical portion lying above it is the canal cell, which, when the ne.ck of the 



Fig. 43 ’ 5 ;.— /.iwA'x lacasin's 
(after Hofiiiei.stcr), macroB}3ove 
a fortnight after sovvingf, rendered 
transparent by glycerine (X 60). 

longitudinal section of the pro- 
thalhis a tJionth after sowing tlie 
spores ; a archegonium (x 40). 



Fro. 434.— Se^aj;:!;! el/a inneqitallfoh'a. 
A fertile branch (X 2). B longitudinal 
section of apex of A, bearing microsporangia 
to the left and macrosporangia to the right. 


archegonium opens, is extruded as mucilage. Ill is the archegonium with a 
fertilised oosphere already divided by a horizontal wall. While the archegonia are 
preparing for fertilisation, preparations for the development of the antherozoids are also 
taking place in the microspores A-D ; after a small cell {v in B) which does not 
take part in the formation of the antherozoids, has been as it were cut off, further 
cell-divisions occur in the remaining cells which constitute together, so to speak, a 
reduced antheridium. This is well seen in D \ each of these small cells gives rise to 
an antherozoid of very simple form, just as, in the Mosses. 

Returning to the germinating macrospore again, it is to be noticed that the 
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true protballus is separated off from the large spore -cavity by the diaphragm dd: in 
this cavity there arises a large-celled tissue, such as we shall meet with later in the 
embryo-sac of flowering plants — the so-called Endosperm. Figure /, then, shows at 
e a young embryo, developed from a fertilised oosphere, and at e one already iurther 
developed, the shoot portion of which (only roughly indicated) has bored into the 
endosperm tissue,- but which subsequently grows out from it again. 

In order to proceed hence to the formation of the seed in the Coniferas, we need 
only assume that the macrospore does not open at ail, the prothallium and endosperm 



Flc;. 435-— Gerniination of Selas'int'lia {.ifter Pfcffer). S. MartensU, A^-D S. 

I longitudinal section of a macrosporc filled with prothallus and eudospL-rni {d diaphragni? in vhstds 
two embryos e are developing, //.a young arehegonhiin, not yet ojicneil. ///an andn-grudina 
containing a fertilised oospore, which has undergone one division. A a micrcsjit'.ro. '.howiUji the 
divisions of the contents. H C different views of these divisions. l> luother-ceils of autherozui<i^., in 
the mature antheridium. 

arising in its interior, and one or tsvo embryos becoming developed. Of cour.^c, in 
tlie case of the Coniferoe and all Gymnospermous yflants, what actually occurs is !iot 
only what has just been mentioned, but moreover the macros])ore itself also in which 
these processes occur remains lying in the very massively developed sjiorangiiim, and 
no opening of any kind exists through which antherozoids for instance could penetrate 
to the oosphere. liere, in fact, we reach a turning-point in the hislor}^ of fertilisation ; 
in that not only in the case of the Gymnospermous plants (Coniferx% Cycade';3e), Init 
even in a still iiigher degree in the true flowering plants, the oospheres remain com- 
pletely enclosed in masses of tissue, and thus the possibility of tiieir fertilisation by 
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means of motile antherozoids ceases. The fertilising material— and this is the 
only essential in the mattei is carried to the oosphere in quite another manner, 
namely, by the male microspores (which are distinguished in the Phanerogams 
as pollen-grains) fixing themselves to a portion of the female organ of reproduction, 
and thence emitting a tubular prolongation, which makes its way through the tissue- 
masses surrounding the oosphere, and finally penetrates to the oosphere, to which 
it subsequently transmits the male fertilising substance. This tube is called the 
Pollen-iube. 

It is unfortunately necessary to add here a few definitions of terminology, since the 
history of our science has brought it about that organs of like kind in diifer^t classes 
of plants, in spite of their homology, were previously held to be essentially different 
and have therefore had diflerent names assigned to them. At the present time, when 
we perceive clearly the true connection of these matters it would be possible, and is 
demanded in the interest of science, to designate the simply microspor^ 

and the e?nbryo-sac simply the macrospore, in order to indicate their homologies ; never- 
theless the old nomenclature can now scarcely be entirely put aside, since it is too 
deeply fixed in the literature, so that to the uninitiated doubts might arise as to the 
meanings of terms in reading different books. 

As already mentioned, the gymnospermous plants (Coniferse, Cycade^, and 
Gnetacese) are directly allied in their reproductive processes to the higher Cryptogams 
with two kinds of spores: nevertheless this was by no means an easy matter to 
establish. The investigations of many years were needed to arrive at this conclusion. 
If I quote a few examples, it will be at once seen that the essential and important 
points are not directly obvious. 

The facts of fertilisation come out particularly clearly in the case of the Yew 
(Taxus baccata). Each Yew-tree is either entirely male or entirely female, and 
thus it is only trees of the latter kind which bring forth the seeds, which are found 
in autumn surrounded by an elegant red thick envelope. I'he male and female 
trees flower in the spring; The male flowers are situated on the under side of the 
horizontal lateral shoots of the tree : they are small buds (A Fig. 436) bearing 
numerous minute scale-leaves at their lower parts, and at the apex eight to ten 
peculiarly formed structures a which remind one forcibly of the sporangiophores 
of Equiscittm. A stalked disc bears on its under surface four or five pollen-sacs, 
which may be forthwith designated sporangia ; when these open, they set free their 
microspores, which however are generally known as pollen. 

On the female Yew trees also minute bud-like shoots are found in the spring 
on the lower side of horizontal branches (6*, Fig. 436). Here also numerous 
scale-leaves are present ; anteriorly, however, is a peculiar projecting structure k 
This is the Ovule, so termed because the seed containing the embryo is developed 
from it after fertilisation. Fundamentally, however, this ovule is simply a very 
highly developed macrosporangium, as will be more clearly seen later on. It 
will also be well to regard more closely the longitudinal section through the whole 
female shoot D, Here is seen the ovule at the apex of the shoot, and it is observed 
that it consists of two different structures. The approximately hemispherical body 
K K is the so-called Nuceilus of the ovule, and it constitutes the essential part : 
this is the proper maerosporangiuM, in which the so-called embryo-sac or maciospore 
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arises subsequently. The portion 2* surrounds the nucellus of the ovule as a closely 
investing envelope' formed of several layers of tissue, and narrows anteriorly into 
a canal. This investment is called the Integzmmit, and the canal in it just referred 
to, which thus leads from the exterior down to the nucellus of the ovule, is the 
Micropyle. 

It will be of further service for preliminary guidance if Fig. 436 M is com- 


pared with the preceding. The ovule 
i is again the integument, now with 



Fig. 436. — Taxus h xccatit. A jiiak* flower 
(eniai’jjed) : a the poUen-sacs. B an anther 
with the pollen-sacs ojiened, seen from below. 

C portion of a leaf-slioot, witi) a foliatje-leaf 
from the axil of which .siwintjs tJie female 
flower ; .r its scales ; sk its terminal ovule, D 
loncfitudinal section of the same (niaguifiecl) ; 
f integument ; k/: nuceUiis of the ovule; .va 
rudimentary axillary ovule. D longitudinal 
section through an older ovule, before fertili- 
sation ; f integument; nucellus ; <• endo- 
sperm; ?/ianlkis; j enveloping leaves. 

a proper insight can be obtained in 
accomplished with the aid of Fig. 437, 


IS here represented in a more aci\^anced stage : 
closed micropyle, much larger, and closely 
investing the nucellus of the ovule kk 
on all sides. Within the latter we now 
find the part e : this is the embrxxi-sac 
filled with endosperm — or, as wc may 
also say, the macrospore filled with 
the prothallium. In this structure tlie 
young plant, the embryOj arises in con- 
sequence of fertilisation. To note it 
by the way, the portion marked in 
the form of an annular cushion sur- 
rounding the base of the ovule, is that 
which in the autumn surroiinds the 
whole ovule (or, better, what is then 
the seed) in the form of a red succu- 
lent investment. 

In this description, I have for 
the time being made no reference to 
fertilisation itself, but have only de- 
scribed the complex of organs which 
co-operate in that process: in like 
manner it will, I think, be advantage- 
ous if we look at the result of the 
fertilisation, before describing the pro- 
cesses themselves. This result is the 
development of the ovule into the 
seed, capable of germinating, the parts 
of which must be understood before: 
► its origin and significance. This can be 
rhich represents the germination of the seed 


of the Stone Pine, with which the other Coniferm essentially agree. ./ is the seed 


in longitudinal section, consisting of three parts; the hard thick tesia developed 
from the integument of the ovule after fertilisation ; e is the so-called endosperm, or 
further developed prothallium — the black line separahng the testa and endosperm is 
to be supposed to represent the membrane of the macrospore, or, what is the same 
thing, the embryo-sac. Finally, we have lying in the middle of tin:* endosperm the 
young embryo : 7V is its incipient root, c a whorl of leaves whicii, owing to an extremely 
unhappy idea of the older botanists, it is still the custom to term cotyledons, lliis 
again is an entirely meaningless word, which however unfortunate]}* can nc)W scarcely 
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be expunged from scientific language ; it may be translated seed-leaves. It is 
simply bad taste however to speak of them as seed-lobes. 

The rest of the drawings in Fig. 437, concerning which the explanation of the 
figure gives further information, show how the germ-plant (the embryo) contained 
in the seed, then developes further ; 
how first the root w and. then the 
primary shoot-axis a* elongates and ■ J j > 

emerges from the seed: the radicle ^ J 

enters the, soii, the cotyledons c still (( ^ /y J / 

remaining enclosed in the endosperm, 

, to; absorb the nutritive materials there ^0 ^ 

stored up. It is not until this has- ^ 

been accomplished, and the ex-. 

hausted endosperm is reduced to a ^ -A. 

mere membrane that the plumule 

elongates . upwards, and the coty- iy V 

ledons are withdrawn from the coats ■ ' || 

After these preliminary explana- H 
tions, it is scarcely necessary to point ijl B ||) 

out more particularly how great is ■ « 

by means of ordinary spores on the w|| |l 

one hand and by means of seeds 14 §/ ■ [i (ji| m ^ 

on ^the other. In the former case ^ ^ 

—-become separated off from the ' ^ . 

mother -plant, and the new plant- IL 

life begins, so to speak, entirely 1/ | M ^ ^ 

anew% Here in the case of the f P 

seed-plants the seeds also separate 

from the mother-plant, of course, 'll Ce JD IL 

to carry on a new plant - life, 1/ I 

but the young plant is already f' 

there, and, in most cases, already Vl^. A^i.—PimtsPinea. / median longitudinal section through the 

. r ^ r- T seed, jy being the micropyle end. //commencement of germination, the 

consists 01 the first rudimentary root emerging, ///conclusionofgennmation, after the endosperm has 
, been exhausted (the seed was not deep enough in the soil, and was there* 

organs, a primary shoot and radicle, fore carried up by the cotyledons as the stem elon.gated). A shows the 


mere, and, m most cases, already PlO. A-si^'-Pi^ntsPinea. / median longitudinal section through the 

. r 1 r- T seed, jy being the micropyle end. //commencement of germination, the 

consists 01 the first rudimentary root emerging, ///conclusionofgennmation, after the endosperm has 

, been exhausted (the seed was not deep enough in the soil, and was there* 

organs, a primary shoot and radicle, fore carried up by the cotyledons as the stem elongated). A shows the 

ruptured testa at Jf. /? shows the endosperm e after the removal of one half 

and these organs are composed of of the testa. C longitudinal section of endosperm and erabipro ; and D 
, ^ ^ , transverse section of the same, at the beginning of germination ; c coty- 

mnumerable minute cells in which ledons ; -W primary root ; the embryo-sac pushed aside by tlie root (it is 

ruptured at ; he hypocotyl; w' secondary roots; r red membrane 

the tissue-systems are already dif- lining the hard testa. 


innumerable m inute cells in which ledons ; -uj primary root ; the embryo-sac pushed aside by tlie root (it is 

ruptured at Bx ) ; he hypocotyl; w' secondary roots; r red membrane 

the tissue-systems are already dif- lining the hard testa, 
ferentiated. The young plant which 

lies in the seed is already formed while the seed itself is still part of the parent 
plant, and is so far nourished by this that subsequently, on the germination of 
the seed, little more than a mere enlargement of the embryo is necessary. Seed- 
plants may therefore in this sense be compared with viviparous animals. A 
comparison of the Cryptogams or spore-plants with oviparous animals, however, 
[ 3 ] ' ■ ■ , 
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would be but a very lame one, since spores are not eggs at all; it is only in 
the lowest regions of the vegetable kingdom, especially in the Fucace® and a 
few Other forms, that oospheres are separated from the mother-plant. 

From these preliminaries we may now proceed to the consideiation of the 
processes of fertilisation itself. Here however there are concerned so many organs 
boxed one within the other, that it is scarcely possible to make clear all the pat ts in 
their mutual relations in any one figure taken directly from Nature. In the interest 

of the reader, therefore, I prefer to 
illustrate the essential points by 
means of a diagram. 

Fig. 438 is a diagrammatic lon- 
gitudinal section through the whole 
ovule of a gymnospennous plant : 
a is the integument, and k the mi- 
cropyle, which in the case of the 
Gymnosperms is relativ-ely wide open 
at the time when the pollen-grains 
or microspores commence their 
business of fertilisation. At this 
time also a drop of fluid is 
frequently excreted, and exudes 
from the niicropyle; the pollen- 
grains carried . here: ::'by. the'^^' wind 
sticks to ■ this,: and'' when 5 '"..the fl.uid 
contracts, ■' the pollen-grains 'also ' ''"are 
drawn in with it and come to lie on 
the projection of the niicellus of the 
ovule h b. Such a pollen - gTa,in 
is seen at k. This process, namely 
the conveyance of the poilen-g.rains, 
to the female organ in the .case of the 
Phanerogams, is termed poUmaiimir 
and it occurs in many Cymm--: 
sperms at so early a lime that tiie 

FIG. 438.— D 5 ag:ram of thu ovule of a Gymnospmu in longitudinal , , ” , , . , 

section. true reproductive organs wui'iin the 

ovule have not as yet even begun 
to develope, and in the case of the Pines a full year may pass before tiie 
fertilising tube of the pollen already contained in the closed micropjle reaches the 
archegonia. 

The embryo-sac or macrospore arises in the Gymnosperms deep in tiie interior 
of the nucellus of the ovule, and grows slowly up to a considerable size; in the case 
of the very large-seeded Cycadeas it may attain a length of 2 cm. or more and a breadth of 
1*5 cm. or more. It becomes filled with a succulent cell-tissue, the endosperm 4 in 
wdnch (mostly only after a long time, and sometimes not before tiie seed appears to be 
already nearly ripe) the archegonia e i are formed : these archegonia are of very 
simple structure, though at the same time relatively large : in the case of the large- 
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seeded Cycade« the central cell is often 3-5 mm. long and 2-3 mm. broad. 
The neck of the archegonium differs much in structure in the different forms of 
Gymnospei ms, but thei e can be no doubt whatever that these organs are in every 
respect to be looked upon as archegonia resembling those of the higher Cryptogams 

and Mosses. 

When the prothallium (endosperm) with its archegonia is sufficiently developed, 
usually only after some months, fertilisation can -follow : the pollen-tube / bores 
through the tissue of the nuceiius of the ovule and applies itself with its anterior 
end either as a thin tube, or more frequently as a broad sac, to that part of the 
embryo-sac where the archegonia are situated : protuberances of the pollen-tube then 
bore their way into the necks of the archegonia and penetrate as far as the central- 
cells. It is not yet known in what way the male fertilising material now passes 
over into the central cell of the archegonium, tilled with the oosphere. It is not 
certainly established whether an extremely tine actual opening in the membrane 
of the pollen-tube facilitates the direct entrance of the fertilising protoplasm, 
or 'whether the membrane remains closed and the fertilising substance diffuses 
over as a true solution. 

It is for our purpose practically the same thing whether the whole of the proto- 
plasm contained in the large central-cell of the archegonium is to be regarded as 
the oosphere, or whether only a certain part of it answers to this designation. It 
suffices for us to know that in the lower portion of the central-cell cell-divisions 
now take place by means of which tw^o or three tiers are produced, each of four 
ceils placed cross-wuse and close together, as iii/l This is however, strictly speaking, 
not as yet the inception of the embryo. On the contrary, these cells, at first very short 
and discoid, grow out to long tubes {/') which bore into the endosperm-tissue 
and become curved and twisted in the process. The cells /'situated at the ends of 
the tubes, hitherto but little grown, and which previously occupied the basal region 
in the archegonium — i. e. the one turned away from the neck — and which are 
pushed out from the archegonium by the formation of the tubes, subsequently 
give origin to the embryo g; this then goes on growing, with continual cell- 
divisions, and finally displaces the rest of the parts and occupies the middle 
of the endosperm. Among the many peculiarities in the seed-formation of the 
Gymnosperms, it is found that in some cases fertilisation takes place, and the 
seeds even become fully ripened and fall, without the embryo having developed 
further. I observed this remarkable fact in the autumn of 1868 in the case 
of the plum-like seeds of the Japanese plant Qingko hiloba. On opening the ripe 
fallen seeds in October I found apparently no trace of an embryo in them, and 
therefore regarded them as unfertilised. On again examining the seeds after they 
had been laid aside for two or three months, there was found in each of them a large 
well-developed embryo, and the seeds all proved to be capable of germination. 
Strasburger has investigated this fact in his great work on the Gymnosperms, 
and we now know that the Cycadeae also behave similarly. 

The ripened seeds of the Gymnosperms, especially those of the Cycads and 
of the Gingko hiloha just referred to, often bear very little resemblance to what is 
elsewhere termed a seed in the Phanerogams, those of the last-named plants being in 
the ripe state like small yellow^ plums or large cherries; for the integument of 
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tile ovule has become transformed into a thick pulpy mass which encloses a 'stone’ 
like that of a plum, in which the endosperm is enclosed; and matters are similar 
in the Cycade^. In Cycas revolufa the seeds attain the volume of a medium-sized apple. 
In most of the Conilerse, however, the integument becomes transformed into a hard 
seed-coat, and the seeds resemble those of other Phanerogams in other respects also. 

A remark is still to be added regarding the pollen-grains of the Gymnosperms. 
That these, from their developmental history and function and also from their 
origin in receptacles which are obviously sporangia, are to be regarded as micro- 
spores, has already been mentioned. A further similarity with microspores however 
exists in the formation, in the interior of each pollen-grain, of a small cellular 
body which calls to mind the sterile cells in the interior of the microspores of 
Metes and Selagmeila, Fig. 439 shows the structure in question atj', though it 

is not equally well developed in all Gymnosperms. 
Besides this structure, there,, still remains a la,rge 
mass in the pollen - grain or microspore, which 
alone takes part in the development of the pollen- 
tube, as may be seen in Fig. 439 B, This 
portion of the pollen-grain, which contains the 
fertilising substance, corresponds to the aiitheri- 
dium of the microspore (as in the case of the 
Rhizocarp Salvinta), while the small cellular body j' 
may be looked upon as the last remnant of a 
reduced prothallium. 

With the Monocotyledons and Dicotyledons— 
among which are found the most highly organised 
plants in the vegetable kingdom, and which, apart 
from the Coniferae, practically constitute what non- 
botanical people are in the habit of tliinkiiig of 
under the term ‘ plants/ — the Gymnosperms last con- 
sidered agree as regards their reproduction in that 
they give rise to ovules winch are rendered fertile, 
by means of a pollen-tiibe, and then develope into a seed containing an embryo. 
Hence all these plants may be contrasted, as Spermaphytes, with the Cryptogams 
or Sporophytes. 

Nevertheless the fertilising apparatus of most Blonocotyledons and Dicotyledons 
appears to be strikingly different externally from that of the Gymnosperms. Wliat 
is commonly termed a flower is simply the fertilising apparatus of these plants 
(which may therefore be contrasted as Flowering-plants in the narrower sense of 
the word with the Gymnosperms), but here again it is of course to be borne in 
mind that all such distinctions are only admissible when the typical forms in both 
cases are contrasted with one another. It needs only a somewhat broader con- 
ception of the idea Fiow-er to justify the application of the term even to a Fir-conc 
or even to the very unobvious fertilising apparatus of the Yew. Of course the 
distinction between the dower of a Lily or of a Rose, and that of a Fir or Pine 
or other Gymnosperm is very great, but between the two, even externally considered, 
there are numerous stages of flower-development which show us ll^at the difference 



Fig. 439.— y/ a pollen-grain (microspore) of 
Ceratffsamia ion^ifoh'a, a Cycad. B emergence 
of the pollen-tube from the ruptured outer 
membrane (extine) of the pollen-grain. Atj* are 
seen the sterile cells (Juranyi). 
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is not one of principle but only of degree. That which conspicuously distinguishes 
particularly the large and elegant flowers of true flowering-plants from those of the 
Gymnosperms is the floral envelope, which is very often a double one and is then 
termed Calyx and Corolla. Even the most magnificent flowers when stripped of these 
envelopes so that only the essential organs of reproduction remain, show nothing 
more of the immense contrast indicated above, and we have here to do particularly 
with these proper reproductive organs only, although I shall show in the next lecture 
that the floral envelopes are by no means superfluous for starting the process of 
fertilisation (i. e. pollination), and in many cases are in fact indispensable. 

In considering the fertilising apparatus of a flower, as I now have it in mind, 
it is above all evident that both kinds of reproductive organs, the male and female, 
are veiy generally united in one flower, and therefore stand next one another close 
to its growing-point ; or, in other words, most flowers are hermaphrodite, whereas the 
floral structures of all Gymnosperms always contain only male or only female organs, 
both kinds of flowers being distributed on the same tree or on different trees of 
the same species. These two cases of diclinous flower-development are it is true by 
no means rare even in flowering-plants, the Monocotyledons and Dicotyledons, plants 
of the CuciirbitacejB for example having male and female flowers on the same 
foliage-shoot, w^hereas the Hemp or Hop bears always only male or only female 
flowers on a plant. The prevailing rule however is that the flowers are hermaphro- 
dite- — a fact which is of importance physiologically, because a long series of the 
most remarkable mechanisms for pollination are entailed by it, to which I 
shall have to refer later. Also the two kinds of fertilising organs, as such, are very 
different from those of the Gymnosperms. Whereas the male spores or pollen- 
grains of the Gymnosperms arise in receptacles which obviously agree with the 
sporangia of Cryptogams, and particularly in that they are developed on leaves 
which are often only slightly different from ordinary foliage leaves; we find on the 
contrary that the male fertilising organs of the true flowering-plants, the stamens, 
usually have forms ‘which do not easily disclose their true morphological nature. 
Very generally a stamen consists of a stalk-like support (the filament) which bears 
above the so-called Anther) this again consists chiefly of four sacs joined in two 
pairs, or occasionally of only tw^o sacs, in which the pollen-grains or microspores 
arise. These sacs are to be regarded as the same as the sporangia, especially 
the microsporangia of the Cryptogams and Gymnosperms ; but it is shown only after 
further examinaion and consideration that the filament and the portion (connective) 
connecting the pollen-sacs of an anther are together to be regarded as a metamor- 
phosed leaf. 

Still more important than these peculiarities of the male fertilising* organs, is 
the structure of the female organ. Here we meet with a profound difference between 
the true flowering-plants and the Gymnosperms. In these latter the ovules arise at 
the margins or on the surfaces of foliar organs, and this so that they are either 
freely exposed, as in Cycas revoluta and Gingko hiloha, or else so that they 
are simply concealed betw^'cen the closely packed leaves : at least the micropyle of 
all Gymnosperms is in open communication with the atmosphere at the time of 
pollination. Nevertheless in most Coniferse the pollinated ovules usually become so 
completely enclosed in enveloping leaves subsequently, that all ommunication with the 
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exterior ceases, as in the case of 'Fir- and Pine-cones, or so that even capsular 
fruit-like bodies arise, as in Thuja and other CupressimcB. 

The case is quite otherwise with the flowering-plants. Here the ovules arise 
from the beginning in the cavity of a special receptacle, which (with few exceptions) 
completely excludes them from the atmosphere — a receptacle in which they w*iil even 
have to be sought out by the pollen-tubes subsequently. Accordingly the pollen- 

grains cannot, as in the Gymnosperms, reach 
the micropyie of the ovule directly, but are 
conveyed on to a special part of the receptacle, 
and thencfe send out their tubes to the ovules. 
This . receptacle bears the name of Ovary 
meti)i \l is this particularly which distinguishes 
the female reproductive apparatus of the flower- 
ing-plants from that of the Gymnosperms. Since 
the Greek w'ord denotes a receptacle, 

(in this case the ovary) it is customary to group 
the flowering-plants— the Monocotyledons and 
Dicotyledons under the name Angimperfm^'dxvd. 
thus contrast them with the Gymnmpernis^ or 
naked-seeded plants. 

After these definitions, probably not entirely 
superfluous for some of my readers, we may 
now enter' more in, . detail into those' points ■..which 
alone really interest us here ; it is unne^ 
cessary for our purpose at present to regard 
the 'two classes of Angiosperms separately. I 
select therefore an example to hand, the flower 
of one of our handsomest I\Ionocoiy]e<ions, the 
Flowering Rush {Bniomus umMiaiui)^ for tlie 
preliminary description of the reproduclive 
organs. In Fig, 441 J is ref)resented a flower 
in its natural size; in T the floral en\'elopes 
Fig. 440. --Fircone of and thc niiic stamens are cut awav, and the 

Scliacht), .*/ a leaf separated from the female floral , - - , t • ^ 

axis and looked at from above: it bears the ovuliferoiis WholC female rCprodUCtlVe appanitUS COIlSistlHg 
scale j with the ovules (magnilied). j? upper part !*• ••» t i* \ 

of the female flower (cone) in the mature state, i/ axis of SIX SlDglC SCpai'atcd CarpbiS IS represented 
of the cone (floral axis); e its leaves; .v thc much* v , r i 

enlar^^ed seminiferous scales. C a ripe seminiferous Sllghtly magnifled. Fach Cai'pcl boai’S abOVC 

scale s with the two seeds sa .and tlioir wing-s * 

(reduced). a narrow process, the so-callcd which in 

its turn bears at the up[>er end a brush of 
hairs, the Sfigma n; this has the function of holding fa.st the ladlen-grains 
which have been carried to it from the opened anthers, in order that they may 
germinate there, and put forth their pollen-tubes first in the li.ssue of the style 
and then in the cavity of tlie ovary. 

It is easier in the case of Buiomus than in many other plants to perceive that the 
carpel together with its style and stigma constitute practically a leaf witli the margins 
folded together longitudinally: this is obvious in Fig. 441 (\ whiiii represents 
three carpels in transverse section. In other cases it is of course not so obvious, though 
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the pods of the Bean, Pea, Bladder-Senna {Colufed) and Paeony present easily observed 
cases of the same kind. The foliar nature of the ovaiy is somewhat more difficult to 
deciphei when (as is in fact the commonest case) two, three, or more carpels are 
united to form a simple two or more celled ovary. Suppose the three carpels repre- 
sented in C united inwards with one another and with the three which are absent, by 
their infolded maigins: we should then have a six-celled ovary, consisting of six 
carpels. Considering the enormous variety of the flowering-plants, the numerous 



VlQ. nmhdlaUcs. flower {n at. size). carpels, after removalof the floralleaves and 

stamens (magnified) ; « stigmas. C transverse section of three of the monoinerous carpels, each bearing numerous 
ovules on the inner side. D a young ovule; E the same immediately before fertilisation, i i integuments, K 
nucellus, KS raplie, em embryo-sac. ^transverse section through the stigmatic portion of a carpel (more highly 
magnified) ; pollen-grains are attached to the stigmatic hairs. £? transverse section of an anther; it is quadrilo- 
cular, but the dehiscence of the lobes ^ at s takes place in such a way that it appears bi-locular. part of an 
anther-lobe (corresponding to in G) : y the place where it separates from the connective, ^ the epidermis, x: 
the layer of fibrous cells (endothecium). / diagram of the whole flower ; the perianth pp consists of two alternate 
trimerous whorls; the androecium likewise, but the stamens of^the outer whorl are doubled (/), those of the 
innery^-^ simple and thicker. The gynoecium also consists of two trimerous whorls, an outer one c' and an inner 
one cK There are thus six alternate trimerous whorls, with duplication of the segments of the first staminal 
■ ''."'whorl.',' ' ■ ■ 

families of wffiich are characterised and distinguished especially by their ovaries, 
it scarcely needs mention that what has been said only indicates the most essential 
points. I may make one more remark for the sake of those who are not botanists, 
however, so that the word ovary shall not lead to error; the ovary is, put 
shortly, the young fruit ; or, conversely, the subsequent fruit is the ovary which has 
grown up and become ripe, just as the ovules are nothing further than the young, 
as yet unfertilised seeds. 

The ovules of most flowering-plants arise at the united margins of the carpels, 
as can be seen with the greatest clearness in the half-ripe fruits of the Bladder-Senna 
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and of the Pasony. It is only in rare cases that, as in Suio??ms, the ovules arise on 
the whole of the inner surface of the carpel, and occasionally as may be seen in 
Fig. 303, p. 466, an ovule appears to be the true end of the floral axis. 

In the main the ovule of the flowering-plants is not essentially different from 
that of the Gymnosperms, although it usually differs in several external matters. 
Fig. 441 jS' represents one of the commonest forms, an ‘ anatropoiis ' ovule : on a 
stalk-like funiculus vS'aS’ is situated the nucellus of the ovule if invested by two integu- 
ments 2 and i' and in such a way that the micropyle comes to lie next the base of 
the stalk. There are, however, other forms also: straight or ' orthotropous ’ ovules 
as in Fig. 303, p. 466, for instance. Moreover there are not always two integunients, 
but often (especially in many Dicotyledons) only one. The embryo-sac — and therein 
lies an important difference in contrast to the Gymnosperms — often grows up as far 
as the micropyle even before fertilisation (em in £"); and Indeed cases are not rare 
(Peduulans and other Scrophularinese, and also Smtiakmi) where the anterior end of 
the embryo-sac grows out beyond the nucellus of the ovule, pushing its way into the 
micropyle or even projecting out beyond it. However I shall here pay no iurther 
attention to such peculiarities. 

A very important difference between the angiospermous flowering-plants and the 
Gymnosperms comes out when the processes in the embryo-sac previous to fertilisation 
are considered : the Angiosperms form no prothallium with archegonia, unless we 
consider a sort of rudiment of them to exist in three cells which occur very frequently in 
the hinder basal-end of the embryo-sac {u Bag, 442), and which bear the curious name 
* antipodal’ cells — i. e. antipodal with respect to the oosphere. Starting from the con- 
sideration of what occurs in the embryo-sac of the Gymnosperms, the proper repro- 
ductive apparatus inside the embryo-sac appears to be a mere remnant, as it were, 
which still retains only what is most essential and indispensable- Thus, in the anterior 
end of the embryo-sac turned towards the micropyle there arise before fertilisation, 
with rare exceptions, three naked cells close together. One of these, marked in 
Fig. 442, is the oosphere, from which the embryo is formed after fertilisation; the 
two others, marked v, which occupy the proper apex of the embryo-sac, were 
designated by Strasburger the SynergidcB ifiehulfinnm). Strasburger, to whom we 
owe our more exact knowledge of the processes in the embryo-sac, assumes that it 
is these synergidte which first take up the fertilising substance from the pollen-tube 
and then pass it over to the oosphere. 

While these things are undergoing pre],)aration in the embryo-sac, the pollen-sacs 
of the anthers dehisce. By means of the wind, and much oftener by means of insects 
or other animals seeking honey in the flowers, the pollen-grains are conveyed to 
the no-w moist and usually papillose surface of the stigma, where tliey remain attached, 
and they put forth their pollen-tubes as a rule within a few hours (cf. / Fig. 443). 
If there is only one ovule in the ovary, it is sufficient if one of the polien-tulx\s grows 
down through the style as far as the cavity of the ovary, and finally penetrates the 
micropyle m, applying its end to the embryo-sac where it comes in direct contact 
with the synergitloe. , Since, as Is seen, each ovule requires a pollen-tube to fertilise 
its oosphere, at least as many pollen-grains as there are ovules in the ovary must 
reach the stigma and perfect the developement of their lubes. Not rarely however 
an ovary contains hundreds and even thousands of ovules, and accordingly die dusting 
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of the stigma with pollen-grains must be profuse if all - the ovules are to be fertilised, 
and since not every pollen-tube accomplishes its end, even a greater number of pollen- 

grains are needed. 

Also in the pollen-giains of the Angiosperms there is still found a last remnant 
(one might almost say a feeble and indistinct memento) of the cell-formation whiqh 
occurs in the microspores of the Cryptogams and Gymnosperms. It is to Stras- 



FlG, 44;;.— Diagram of a very simple flower in longitudinal section. « transverse section of an anther 
before its dehiscence ; i' an anther dehiscing longitudinally, with pollen ; c filament ; d base of floral leaves ; 
e nectaries ; y^wall of carpels ; ^ style ; h stigma ; i germinating pollen-grains ; k- hn a pollen-tube which has 
reached and entered the micropyle of the ovule ; n funicie of ovule ; o its base ; p outer, q inner integument ; 
s nucellus of oimle ; t cavity of the embryo-sac ; n its basal portion with the antipodal cells ; v synergicla.‘ ; s 
. ■ 'oosphere. ; ■■ ' 

burger's investigations, which have been of such immense service to the theory of 
fertilisation, that \ve owe the knowledge of the remarkable fact that the ripe 
pollen-grains of the Angiosperms regularly contain two cell-nuclei, and that 
sometimes indeed, a division, although transitory, of the contents is indicated. 

The pollen-grains of the Angiosperms differ much in form and size. The 
usually thick cuticularised external membrane, the so-called Extine, very often shows 
beforehand the spots from which the pollen-tube or tubes are to emerge later. As 
in the germination of spores generally, it is the second membrane consisting 
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of cellulose (the so-called Intine) of the pollen-grain which grows out and forms the 
pollen-tubes. The places at which this will take place are, as already stated, indicated 
beforehand, and sometimes, as in the Cucurbitaceae, circular excised pieces of the 
extine are set like lids into the apertures, and are simply pushed aside by the 
emerging pollen- tubes, as in Fig. 443. The pollen- tubes have now to make their 
way through the tissue of the stigma and style down into the cavity of the ovary; 
inside the latter they either enter directly into the micropyie of the ovule, wliich how- 
ever occurs but seldom, or, as is more usual, they grow down along the avails 

of the ovary until they reach the 
micropyie. To this end the paths 
to be traversed are often indicated 
beforehand by special relations of 
organisation on the wall of the ovary. 
The pollen-tubes of the Angiosperms 
are for the ; most part very delicate, ' 
their walls being relatively thick; 
they may' thus be easily passed over 
in the tissue of the style, 'and it- is 
-always one of the difficult tasks of 
microscopy to discover their fertilis- 
ing end penetrating into' -the micro- 
pyie. -■ Sometimes the distance which 
the" -polIen-tubes' 'have'', to, -'-traverse 
from '' the.' '".stigma "■■to' ■ the ' ' micropyie, 
is very ' co'nsiderable— e. g, ' ' in 'the 
Maize it is 20-40 cm. and in many 
other long-styled flowers it is from 
3-10 cm. 

The effect of .fertilisation makes 
itself evident chiefly in. two points,.... 
in the development of the oGsphere 
into 'the embryo., and in: the, .in- 
ception of the endosperm. , . 

FIG. a pollenirram (m section) germmatinjT on the Bv meailS of raoidlv rCIKatCtl bi- 

Inbes. The outer membrane Cextine) has a number of circular openings ^ ^ 

closerl by the lids ; the inner membrane of the pollen-grain {/) is thick- partltlOHS Of tllC nUClCUS Of lllC eni- 
cned beneath the lid— it s\vells, protnules through the hole, and thus ^ 

pushes aside the lid. One of these swollen cushions of the intine is grow- bfyO-SaC, aS StrasburgCT luiS sIlOWIU 
ing into the stiginatic tissue as the pollen-tube >r/. if a piece of the pollen r 

membrane; fintine.ce.xtine, a lid. thcrC ai'C produCcd III U Shorl time 

as a rule very numerous miclealed 
masses which distribute themselves at regular distances from one another in the 
protoplasmic lining of the embryo-sac. Around each of these nuclei a i)oruon of the 
protoplasm collects as around a centre of attraction. At the boundaries of these 
portions of protoplasm arise thin cellulose walls (cf. Fig. io6, p, io6) and thus is 
formed a layer of tissue which is at first applied to the wall of the embryo-sac, the ex- 
ternal layer of endosperm ; as its cells grow in towards the interior of the embryo-sac, 
and undergo transverse divisions parallel to its wall, the cavity of the embryo-sac is 
gradually filled up with cell-tissue. If the embryo-sac is very narrow, or even tube-like 
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as often occurs, the endosperm presents the appearance of a number of transverse 
walls dividing its cavity into chambers; if, on the contrary, the embryo-sac is very 
large, it may happen that the endosperm commences to form on the wall but 
never fills up the whole of the cavity. This is conspicuously the case in the 
Coco-nut, and is not rare to a slighter extent in other large-seeded plants : the 
hard shell of the Coco-nut is clothed internally by the wall of the embryo-sac, and 
we have here, therefore, an instance of a cell which attains a volume of 500 c. cm. or 
more. The development of endosperm in the Coco-nut however proceeds only so far 
as to form a layer of tissue 4-5 mm. thick at the circumference of this enormous 
embryo-sac, in which the relatively tiny embryo lies : the whole of the remaining 
cavity is filled with the watery cell-sap of the embryo-sac, known by the name of the 
milk of the Coco-nut, and employed as a drink. In many other cases also the 
embryo-sacs of the Angiosperms are distinguished by their large size (as single 
cells) immediately after fertilisation and subsequently : on cutting a half-ripe Bean it 
appears as a vesicle filled with water. In like manner in the case of the Walnut, before 
the shell of the nut becomes hardened, the large cavity which it surrounds is found to 
be filled with watery fluid. In these and many other cases the cavity described is 
the hollow of the embryo-sac, which subsequently becomes wholly or partly filled with 
endosperm-tissue. 

The endosperm of the flowering-plants is distinguished from that of the 
Gymnosperms, as is clear from what has been said above, from the fact that it 
only arises after fertilisation. It resembles it, however, in that when the ovule ripens 
into the seed it becomes filled with products of assimilation (proteids and starch or 
fat) the at first extremely delicate cell-walls of the endosperm often undergoing 
enormous thickening, so that the endosperm at last forms a very hard thick mass. 
Such is the case for example in Coffee; the so-called Coffee-bean, as it comes into 
the market, being the horny hard endosperm. In the same way a Date-stone consists 
entirely of very thick-walled endosperm-tissue (cf. p. 344). One of the most remark- 
able examples in this connection is afforded by the large seeds of Phyielephas, a 
tropical palmaceous plant, which on account of their enormous hardness and solidity 
are worked by turners as vegetable ivory : the wbole of the hard mass is thick- walled 
endosperm, in which the small embryo lies at one point of the periphery, and 
■when it geiminates it dissolves and absorbs the whole of this hard mass. To 
remind the reader of but one more example, well-known to all, it may be stated 
that the flour-yielding substance of our cereals is the endosperm in the embryo- 
sac of these seeds, in this case consisting of very thin-walled large cells contain- 
ing proteids and starch. 

There are both among the Monocotyledons (Orchidacese) and among the 
Dicotyledons various families in which the formation of endosperm is either extremely 
scanty or entirely suppressed. Such cases, however, must not be confused with 
those where no endosperm is to be found in the ripe seed owing to its having been 
absorbed by the embryo during the development of the seed. This is the case 
particularly often among Dicotyledons : the kernel of such fruits as Cherries 
and Almonds, Apples, and the Walnut and Hazel-nut, Acorns and Beech-nuts, 
the seeds of the Sun-flower and of all Compositse, the seeds of Gourds and 
Cucumbers, Peas, Lentils, Beans, etc. contain in the ripe state no endosperm 
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because it has been already absorbed again by the cotyledons of the embryo before 
and during the ripening of the seed. In consequence of this the cotyledons in such 
seeds' grow so large that they completely fill up the whole of the very considerable 
space within the seed-coats, whereas the plumule and radicle of the embryo form 
but minute appendages. 

In what has been said however I have been anticipating the developmental 
processes which occur after the fertilisation itself: some points have yet to be 
mentioned concerning the origin of the embryo from the oosphere. As occurs even 
in the Selaginellte, and to a much greater extent in the Gymnosperms, so also in the 
Angiosperms there is developed from the fertilised oosphere not only the embryo 


Fig. {Vict'a i'ahtt), , A tite 

«ous seed after removal of c<ne of the c<!iiyIvdor!s ; the 
other is stiil present e- 7i’ radicle, piaimile of the: 
embrj’O ; .r testa. B g’e«inn.atiwri' seed 4 lesia. '/ its'' 
ruptured Jobes, hilimi'. j/ .petiole of one 'of 'the 
cotyledons. * etirvatwre of tlie epictityl f; kc the very, 
shortlsypocotyl ; ary .root,} 

in the a.xil of oae.o.f;the cotykHloMS,'\ 

proper, but a support or pro-embryo, by means of which the eml>rvo is connected with 
the membrane of the embryo-sac. The young embryo hence apj[)ears generally as a 
sphere on a stalk which maybe long or short; for the fertilised oos|)herc grows in 
the first place more or less in length, forming a tube which become.^ segmented hy 
transverse walls, and iinally, the true embryo arises from the most anterior of these 
cells, which then breaks up by divisions in three directions situated at right angles to 
one another, into octants, and as it grows up becomes further divided in tlie pericline 
and anticline directions. These processes will be siifficienllj clear from Fig. 446 
/-/K It is not before the spherical body is transformed into a small-celled mass 
of tissue that the inception of the first leaves and primary root begins, All that 




Fig. 444.-— comnmnis, 1 the ripe endospernsic 
seed in longitudinal section. // the seedling of the cotyledons 
which are still in the endosperm— compare .-/ and i?. 4 ? testa, 
€ endosperm, c cotyledon, he hypocotyl, w primary root, w'' 
second.iry roots, x the caruncle, an append.age characteristic 
of Euphorbiace®. 
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represents the future shoot-axis is practically only the mass of tissue which connects 

the parts named. 

If, as in Fig. 446 V and FZ, two opposite first leaves or eotyledons arise 
simultaneously, we have to do with a plant from the class of Dicotyledons ; in the Mono- 
cotyledons there is developed first a single leaf, which usually grows round the whole 
circumference of the embryo, and which is subsequently followed (as a rule not before 
germination begins) by a second likewise sheathing leaf. Usually the growth of the 
embryo is very slow, as is that of all masses of embryonic tissue; hence it is found at 



Fig. 44i5.-~DeveIopment of the embryo of Capsella btirsa-pasiorts (after Hanstein}. The order of development 
is from en<.i of root seen from below), i, i— s, 2 first divisions of the apical cell of the pro-embryo ; h/t' 

hypophysis; pro-embryo (suspensor) ; r cotyledons ; s apex of the axis; w root. The dermato^en and plerome 
■■■ are shaded. 

the time when the seeds have already attained nearly their permanent volume, as a 
still very small body in the cavity at the apex of the embryo-sac. I may here take 
the opportunity of pointing out as a remarkable fact, belonging to the category of 
phenomena previously described under the name of correlations of growth in their 
dependence upon chlorophyll, that the embryos of plants devoid of chlorophyll 
generally remain very small. According to Hofmeister, the embryo of Monotropa 
is only two-celled in the ripe seed ; and in the Orobanchese, Ealanophorese, and 
Rafflesiace® a small mass of cells is formed, it is true, but it exhibits no seg- 
mentation into definite organs. The embryo in the seed of Cuscuta is larger and 
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Stronger, but even it is devoid of the radicle, and probably also of the first leaves. It 
is evidently not parasitism per se which induces this phenomenon, but chiefly the 
want of chlorophyll; since the embryo of the Mistleto and other Loranthacese 
abounding in chlorophyll attains not only a considerable size but is also provided 
with cotyledons and radicle. , 

It has already been remarked that in all seed-plants the seed containing the 
embryo is simply the further developed ovule: the ovule in its turn, however, is as 
we saw a macrosporangium, and the embryo-sac a macrospore, in which, after 
fertilisation, the young plant — the embryo — has been developed from the oospore. 
We might therefore designate the ripe seed still as a macrosporangiiim ; but in 
most instance's this would not quite meet the case, for in the great majority of 
Angiosperms the growing embryo-sac squashes the tissue of the nucellus of the ovule 
(i. e. of the sporangium) before or after fertilisation, so that it is finally surrounded 
only by the integuments. From these, or from certain cell-layers of them, is 
gradually formed the testa, the structure of which may be very different in the 
various species. 


LECTURE XLIII. 


THE ACTION OF SEXUAL-CELLS UPON ONE ANOTHER. 

(CONTINUITY OF EMBRYONIC SUBSTANCE,) 

So far as onr experience goes it appears that organic life never commences 
otherwise than by means of small masses of substances separating themselves off 
from an organism which already exists. These substances however are not fluid 
in nature— not watery solutions — although saturated with water, they are not 
crystalline, nor in the ordinary sense of the word solid. Moreover, it is here, 
as it appears, never a matter of a simple chemical compound, but always of a 
mixture of substances; or, to put it shortly, the material concerned is a minute 
mass of protoplasm, which usually, especially in the case of asexual reproduction, 
contains in addition certain plastic materials for growth, such as starch or fat. 
Nay, many spores take away with them from the mother-plant organs of 
assimilation also. 

We have every reason to believe, moreover, that most of the visible substance 
in a reproductive cell forms as a matter of fact only materials for growth in the 
ordinary sense of the \vord, and that in addition, there is present a perhaps 
infinitesimally small quantity of a substance w^hich, though not w’ell understood 
itself, constitutes so to speak the priinum movem by means of which the other 
substances of the reproductive ceil are sooner or later put in motion, and the 
processes of growth called forth. 

This view of the nature of a reproductive cell obtains a certain degree of 
probability from the whole of the pecularities of sexual reproduction. The essence 
of the latter lies in that in the course of the development of a plant (or of an 
animal) tw^o kinds of cells are produced, each of which is incapable of further 
development on its owm account, but from the union of the materials of which a 
product results which is capable of development. Only this latter, the fertilised 
oospore (or in some lower Algae and Fungi the so-called zygote or zygospore) 
is a reproductive cell in the strict sense of the word, since without fertilisation it is 
not in a position to give rise to a new organism. It is true it appears exceptionally 
that even a non-fertilised oosphere may be capable of forming an embryo; but 
the as yet little understood cases of so-called parthenogenesis may turn out to be, 
as will be shown in the course of these considerations, rather a confirmation of 
what I regard as the essential in fertilisation. 

An oosphere (or in the case' of the Algae a swarming gamete) is rendered 
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capable of development by taking up the fertilising substance which is brought to 
it by another cell (or another gamete) generally a zoosperm (antherozoid), or in the 
case of the phanerogams by a pollen-tube. Now it would be somewhat absurd to 
suppose that this fertilising substance is of exactly the same constitution as that of 
the oosphere itself ; though something of the sort might perhaps be supposed in such 
cases as those of the Conjugates, Mucorini and some Gamosporeae, wdiere the two 
* conjugating cells appear to be externally of like constitution. 

On this assumption fertilisation would merely consist in a union of the substance 
of the reproductive cells. That this is just not the point, however, is shown by all 
those cases where a relatively large oosphere is fertilised by a very minute zoosperm, 
the whole substance of which scarcely amounts to the thousandth part of the mass 
of the oosphere, and the same conclusion folio\vs iiatiiraliy from all observations 
on the behaviour of the pollen-tube when it fertilises the oosphere of a seed- 
forming plant. Even the different shapes of the two sexual cells — of an aiitherozoid 
or a pollen-grain compared with the oosphere — -indicate definitely that both are 
constituted differently as to material, since the external form as well as the internal 
structure of any body are the necessary expression of its material constitution. 
Difference of form always indicates difference of material substance. 

We can thus say, then, the fertilisation of an oosphere (or of a gamete) 
consists in that something u added to its substance tvkkk was hitherto wanting to 
ii^ but which it needs for further development, \¥hat this fertilising siibstaiice may 
be is still in a high degree doubtful ; at any rate it is not the whole mass of an 
antherozoid, and much less the whole mass of a pollen-grain which can answer 
to the title of fertilising substance. The extremely small quantity of the latter, 
however, generally effects conspicuous alterations in the oosphere at once : the 
excretion of a cell-\vall, growth and cell-division, the formation of the embrvo, and 
finally all those successive changes which take place in the neighbouring parts of 
the mother-plant itself — the completion of the seed and walls of the fruit — and not 
rarely the consequences of fertilisation extend over the whole plant, which at length 
dies down after the ripening of the seeds. 

If in the case of so extremely peculiar a natural process as fertilisation it is 
permissible to look for an analogy at all, we might be reminded especially of the 
action of the ferments, which at least present a similarity in so far that ex- 
tremely small quantities of them are able to put in motion large masses of 
matter, and thereby chemically alter the latter. There is not much gained 
by this however, since the action of ferments is itself as yet not undersioocl 
Fertilisation also presents similarity with many phenomena of irritability, lliough that 
again does not say much for our point of view, since we may say that fertilisiuion is 
the most pronounced of all phenomena of irritability : I understand irritability to be, 
as already stated, the mode of action of a living organism towards all external 
stimuli, and therefore fertilisation belongs obviously to this category, the oosphere 
being the organism which, under the stimulus from wiihout of tlie fertilising 
substance coming into contact with it, reacts in so astonishing a manner that new 
processes of configuration and growth arise from it. 

In asexually produced spores, however, we find cells capable of repro- 
duction which, without the addition, of, a fertilising substance nevertheless 
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begin and accomplish further development, and it might almost appear as if our 
preceding considerations were completely invalidated by this fact. However, the 
logical conclusion seems to be this: since the asexual spores germinate without 
fertilisation they simply contain all that is necessary. They do not, as is 
the case with the oosphere, lack something which must be first transferred 
to them in order that they may become capable of development ; they do not 
need fertilisation because they have all they require, and exactly the same con- 
clusion may be also employed in the very rare cases of well-established Par- 
thenogenesis and Apogamy, where female reproductive organs arise and are able 
to form embryos without being fertilised. Here again we may say, since they 
are able to do this they contain in themselves all that is necessary for 
development, and if this is the case such female organs are also only apparently 
female; since this term should probably be reserved strictly for those cases 
where a cell is stimulated to further development only by fertilisation. Those 
cells which do not need fertilisation, such as the spores and gemmae of Muscinese, 
the conidia of Fungi, and the asexual spores of many Algae, and which give rise to new 
plants, resemble in this point ordinary vegetative cells, which in fact are also able 
under favourable circumstances generally to give rise to new plants. 

The question is thus, how comes it that sooner or later in the course of 
development certain cells are produced which have lost the capacity for further 
development, per se^ but which are therefore in a condition to afford by means 
of the union of their substance a product .capable in the highest degree of 
development. That this is no incidental occurrence, but must be dependent on 
something in the deepest being of the organism, I conclude from the elaborate pre- 
parations for the attainment of the given purpose, since we may regard the formation 
of the various sexual organs in which the sexual cells eventually arise as such 
a preparation, — and the higher the organisation the more comprehensive this 
preparation for the development of sexual ceils appears to be — this segregation of the 
organic constructive substances into two different substances, male and female, which 
only yield a vegetative product subsequently by means of their union. 

I have already repeatedly taken opportunities of mentioning the hitherto 
much too little noticed fact, that the continuity of plant-life is expressed essentially 
in the continuity of the embryonic substance. I have set forth in detail that in the 
normal course of the life of a plant, even of a tree which lives hundreds of years,, 
the newly formed growing-points are always the descendants of preceding growing- 
points, and that finally all the numerous but small growing-points of a much- 
branched plant are derived from the first growing-point of the seedling. But this 
is a direct remnant of the substance of the fertilised oosphere, or of what I term 
embryonic substance. The question is, then, whether the embryonic substance of the 
oosphere itself also carries on this continuity, and this question must be answered 
decidedly in the affirmative: the numerous careful embryological researches of 
the last forty years leave no doubt that the oospheres as well as zoosperms and 
pollen-grains arise from mother-cells which are direct descendants of growing- 
points, from wffiich the more elaborate sexual organs wffiich give rise to them 
proceed; Goebel’s recent investigations especially show emphatically that al- 
ready in the earliest stages, the cells from which the proper sexual cells are to 
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proceed may be recognised from the material peculiarity of their contents, at a 
time when the surrounding tissue still possesses entirely the character of the so-called 
primary meristem, or embryonic tissue of the growing-point. The differentiation 
of the two sexual products thus begins in the interior of growing-points, and 
the product of the sexual union is an embryo "whose tissue is identical with 
that of a growing-point, and from which the first growing-points of the new plant 
are to be derived as remnants.' Thus, strictly speaking, sexual reproduction is 
no more calculated to produce a new organism than is asexual reproduction ; 
the elements from which the embryo arises are simply products of the embryonic 
substance of a previous plant, and finally, we may say, that what has since the 
beginning of organic life on the earth continually maintained itself alive amidst the 
perpetual change of all forms, in the continuous alternation of life and death, 
and has continually regenerated itself, is the embryonic substance of the growing- 
points, which in certain cases becomes differentiated into male and female, and 
these unite again subsequently. In these extremely minute masses of maUer, organic 
life has continually maintained itself through the slow course of geological epochs ; 
those parts of the plant which present themselves directly to tlie eye — full)' 
grown roots, shoot-axes, leaves, woody-masses, &c. — all these are products of that 
embryonic substance which is continually regenerating itself. These, its products, 
it is true outweigh it in mass a million-fold, but they are not capable of regeneration. 
It is not in these that the continuity of organic life is maintained, but it is 
these, which by means of their work in common, carry on the processes of 
assimilation and metabolism, and a very small quantity of the substance which 
they do not themselves employ for their growth, is made use of for the nutrition 
of the embryonic substance of the growing-points and sexual cells. 

After this probably not entirely superfluous digression I now return to my 
theme, the mutual interaction of the sexual ceils, resuming the discussion froin another 
side. The reasons have already been given which impel us to the assumption 
that in order to make the oosphere fertile, some substance on the part of the male 
cells must be added to it which it wanted previously. The most recent investiga- 
tions of Schmitz, Strasbiirger, Zacharias, and others, lead in the first place to 
the result that the fertilising substance is to be sought in the nuclear substance, the 
nuclein of. the male' cell It appears, according to the observers mentioned, to l)e 
established as regards zoosperms (antherozoids), that their proper body is former! from 
the nuclein of the mother-cell, while the part which bears the cilia appears to proceed 
from the protoplasm. The nucleus of the mother-cell of the aniherozoid enlarges until 
it has taken up into itself the whole of the protoplasm of the c<dL or nearly so. 
The peripheral layer then condenses into an annular or spirally inrolknbband, while 
the central portion becomes less dense and constitutes the vesicle which newly 
escaped antherozoids usually trail at their hinder ends, but which they fjfien soon 
lose. Zacharias has attempted to establish by microchemical methods dial the 
actual body of the aniherozoid is identical with nuclein, and has pointerl out that 
in this respect animals agree entirely with plants. 

Thus what is carried into the oosphere by the antherozoids is nuclein, since 
we may believe that the only importance of the cilia (which do not consist of 
nuclein) is simply that of motile organs. 



ZOOSPERMS OR ANTHEROZOIDS, 


in 

In agreement with this, Strasburger has for several years past laid particular 
stiess on the fact that in the Phanerogams the two cell-nuclei which were already 
present in the pollen-grain pass forward into the growing-end of the pollen-tube, 
and are carried with this into the micropyle and then disappear, thus probably 



Fig. 447. — .A,nthei'iclia ol" Aduintitm Capillus-V^eneris (X 550) in, optical 
lonjjitudinal section. I is still immature ; in II the antherozoids are already 
formed; III has ruptured by the peripheral cells swelling radially, and the 
antheroioids have nearly all escaped, p prothallium ; a antheridium ; b its 
vesicle, contvaining starch-granules. 



Fig. 448.~Young Archegoniaof Pteris ser. 
yulata {after Strasburger). e oosphere ; hh 
leck; A' canal -cells. 



Fig. 449.— -Germination of mi(:ro.spore.s and development of antherozoids of Isoeles lacusiris (after Millardet). 
A and C microspores from the rigiit side; B and /> from the ventral side. A and B show the deveiopnient of 
the antheridium- 55 dorsal cells ; jS jS ventral cells. C and B show the development of the antherozoids, 5 and ^ have 
ilisajipeared. 7/ in A—I> is the vegetative cell (MHlardet’s prothallium), ct—f development of the antherozoids. 
(A~D^ a and d X 580, e anclyx 700.) 


becoming dissolved, and, hypothetically at least, we may assume that here also it 
may be the nuclein which is passed over to the oosphere in a state of solution 
by the agency of the synergidse. In cases where numerous pollen-tubes are 
developed from one pollen-grain, the nuclear substance is, according to Strasburger, 
previously dissolved in the protoplasm,, apparently in order to distribute itself 
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in the various tubes. Only the mere reference can here be made to the complicated 
processes, combined in fact with cell-divisions, which Strasburger describes in the 
pollen-tubes of the Gymnosperms. 

The inference from these statements, apparently so obvious, may seem 
to be contradicted again by other facts. In the first place by the fact that the 
oosphere itself already possesses a cell-nucleus, with nuclein in it, before fertilisa- 
tion, and in the conjugation of Spirogyra it is expressly stated by Schmitz and 
Strasburger that the nuclei of the two conjugating cells simply fuse with one 
another, and Strasburger has demonstrated the same in other cases also. When 
therefore it comes to answering the question, what kind of substance is transferred 
to the oosphere as fertilising material, we must allow that the question is not 
yet sufficiently answered by the observations named. As a hypothesis it may in 
the meantime be assumed that the nuclein of the two sexual cells is not alike in 
constitution, and that the nuclein of the male cell thus carries into the ocjsphcre 
something other than it already possesses. Meanwhile we must leave the problem 
here shortly treated of in this incomplete form. 

One of the most surprising facts connected with the reproductive processes 
is the action at a distance, or mutual attraction of the two sexual cells towards one 
another. I select this expression for the facts to be examined because it is short 
and at least clearly denotes the matter; though the Words Wction at a distance* 
and ‘ attraction ’ are not to be understood in exactly the same sense as in physics. 

In the numerous descriptions given by observers as to the behaviour of the 
antherozoids in the neighbourhood of the oosphere, and of swarming gametes 
and even of antheridia in the neighbourhood of oogonia, we meet almost without 
exception with most definite expressions of the fact that a certain mutual interaction 
of the sexual cells at a certain distance exists, and this always of such a kind 
that the union of the two cells is thereby accomplished or promoted. This process 
is the more remarkable because immediately after fertilisation has been accom]>lished 
this mutual attraction has disappeared. 

From a large number of such cases I will take a few only, as follows. 
Speaking of the fertilisation of the Ferns, and especially of that of Gra/op/ais 
ihalictroides, so fixvourable for observation, Strasburger says ipJahrh.fUr iviss. Bid" 
vii., p. 402):— 

‘If a prothallium with ripe sexual organs is laid in water, the antheridia 
usually open first, and in favourable cases the archegonia soon after. In the case 
of BAt/s serrulafa one has nevertheless to wait probably about half an hour or 
more on the average ; with Ceraiopien's however, rare!}* more than 

twenty minutes. 

^ The antherozoids, which at first come by chance near the apex of the ardie- 
gonium, just as near other foreign bodies, here behave very curiously as soon 
as the neck has oj)ened. The instant they meet with the slime in front of 
the canal their movement becomes slower ; it is seen that they are here held 
back and their movements impeded by a'resistent medium: Some remain fixed 
in the slime, some succeed in freeing themselves and hurry away: in most cases 
however, neither of these events occurs, but the antherozoid is so directed 
by ^the slime poured i;adially out of the canal that it steers, ajK?x forwards, * 
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into the mouth of the current. A diffusion current cannot here be assumed, and 
just as little a vortex suddenly seizing the antherozoids and hurling them 
towards the opening, since even very minute granules remain completely at rest 
in front of the opening of the canal. The motion of the antherozoid in the slime 
is decidedly slower, but it does not cease to revolve about its axis. The slime, 
however, leads it into the canal, so that its action here may be compared with 
the activity of the stigmatic fluid and the conducting tissue, which conduct the 
pollen-tube of the phanerogams to the ovule. At the same time we can here 
convince ourselves most decidedly how little warranted is E. Roye's assumption that 
it is the vesicle at the hinder part of the antherozoid which contains the ferti- 
lising substance. Most of the antherozoids have already lost this vesicle before 
they even come at the archegonium ; others which still possess it now lose it in 
the slime, and none take it with them into the interior of the archegonium. I 
have, among others, exactly recorded a case in Cera fop tens ^ where five anthero- 
zoids just escaped from their antheridium, penetrated into the central-cell, and 
six such vesicles were to be noticed in the slime before the opening of 
the neck.’ 

‘Arrived at the interior of the canal, the coils of the antherozoid become 
drawn widely apart and, if no other disturbing influences affect it on the way, it soon 
reaches the interior of the central cell, where the emptied canal-cells have left a suffi- 
ciently large cavity. Here the coils again contract, and the movements again become 
freer. I'he first antherozoid that penetrates usually does not remain the only 
one, but others soon follow it : their number inside the central cell may amount to 
four or even five, so large is the space here afforded by the canal- cells. They then 
move actively in and out and between one another, somewhat like the antherozoids 
wdiich remain behind in an antheridium. Antherozoids coming later remain stuck 
in the canal of the neck : in Pteris serrulafa their number may increase enormously, 
each new arrival screwing itself in betw^een those already present so long as its 
movements are still possible, and at last becoming extended quite straight It thus 
happens that in some cases the canal of the archegonium appears as if filled 
with long threads. New antherozoids now arriving can no longer be taken in; 

I have however observed a few cases in Fieru where they nevertheless screw 
themselves with their anterior ends between the previous arrivals, and there is 
thus formed a great struggling crowd of antherozoids, extending radially from 
the canal. 

‘In this crowd some of them are seen to revolve about their axes for 
some time longer, and sometimes even to get loose again and hurry away. In 
Pferis serrulafa I have repeatedly counted over a hundred antherozoids in 
such a crowd, and even half an hour after the entrance of the first antherozoid 
a few still remain fixed in the slime. Such aggregations, it is true, are 
exceptional, and the number of the antherozoids which enter into an archegonium 
is usually limited to a few only ; these aggregations moreover only occur in the 
case of PferiSi they' are not possible in the case of Ceratopferis ; not only because the 
prothaHium here developes relatively few antherozoids, but also because the slime 
expelled from the neck of the archegonium diffuses far more quickly in the sui round- 
ing water, and only holds for a short time the antherozoids which are hurrying by. 
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'After what has been said above there can be little doubt that it is 

actually this slime which acts specifically on the antherozoids. However I was 
able to convince myself still more definitely of this action by moving the 

cover-slip and thus bringing the slime out of its original place, or even removing 
it entirely by means of the needle. The antherozoids then, held by the slime wher- 
ever it came to lie, strove to free themselves from it or perished in it after a longer 
or shorter swarming, but they were no longer directed towards the opening of 
the archegonium-neck. 

' We will follow yet further the behaviour of the antherozoids inside the 

central cell. Plens is, as already seen, unfavourable for this observation, so that 

among the numberless observed cases I was only able to see this process twice here. 
Once on a transverse section which laid bare the archegomiim, without injuring 
it, and antherozoids from a neighbouring antheridium crowded into it; anotiier 
time on a superficial view of the prothallium, where the archegonium on the 
declivity of the central cell -cushion came to lie so that I could see its optical 
transverse section. 

'The whole process may be followed comparatively easily however in Cera- 
iopteris ihalictroides. The proiballium is so translucent that it is vcr}* easy on surface 
views to see both the whole central ceil and its contentSj the tcndencj’ of the 
archegonia to be placed at the intiirned margins of the prodiallus being still 
more favourable for observation. The antherozoids are relatively larger than in 
Pteris^ and thus can be easily followed. 

' The first antherozoid which penetrates into the central cell abuts, generally 
at once, or it may be after a short swarming, with its anterior end on the pale 
spot (the receptive spot) seen about the centre of the top of the oosphere, and 
at once remains fixed at this spot ; it then revolves rapidly round its axis and 
its apex sinks slowly into the oosphere. Its movements become slower, and 
sometimes cease entirely, it disappears more and more into the oosphere, and its 
mass fades in it, till after 3-4 minutes (in all cases) nothing more is to be 
seen of it. This process, as I have just described it, I have succeeded in fidlowing 
quite undisturbed only five times out of the many cases observed, that is when 
only one antherozoid had penetrated into the central cell ; and this occurred 
mostly only when access to the canal was impeded by means of external dis- 
turbing influences, e.g. when air-bubbles or other foreign bodies l>locked the 
entrance to it. In most cases several other antherozoids follow the first 
one, which thus becomes displaced by the new comers, unless it has 
penetrated already with its. apex to a certain depth. The antherozoids now' 
move in and out, and it is very difficult to follow the individuals. Ofkm two 
or even three antherozoids are found simultaneously hanging by their apices 
at the receptive spot: they rotate rapidly on their axes, muiually crowding, till 
one obtains the upper hand, and is so far absorbed that its posterior coils 
cover the receptive spot. The remaining antherozoids are then never retained 
longer and sw^arm in and out for some time. Often their movements cease for a 
time, to be resumed again after a few moments; this coiiiinues for 8-10 miiiules, 
and then all come to rest ; and each individual aniherozoitl remains at the spot 
where it came to rest and is here visible for some time lungi*r. In one case 
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where only two antherozoids had. entered the central cell, the second only came 
after the first had already laid for one and a half minutes on the central receptive 
spot, and its anterior coils had been taien into the oosphere. It was not able to 
displace this, and remained no longer fixed to the central spot after this first 
antherozoid had been entirely absorbed, but remained, after swarming side- 
ways for some time, lying on the oosphere. Of the first antherozoid no further 
trace was visible after four minutes, the second became invisible only after thirty-five 
minutes/ 

Juianyi desciibes the processes in the case of a species of €Edogofiui?u-->-^2i 
of segmented filamentous Alg^e— in the following words (Jahrb. fiir. wiss. Bot. IX, 
pp. 7-19):— , V., . 

' After the swarmers have swarmed for from half an hour to an hour they come 
to rest and fix themselves on the oogonia, or at least on the cells in its imme- 
diate neighbourhood, and form unicellular dwarf males. The swarmers produced 
by the antheridia-cells of the males are thus true androspores. The dwarf males 
fix themselves generally 3-6 together round or on an oogonium, though cases 
are by no means rare where they surround the female sexual organ in larger 
numbers. Thus I have often seen oogonia surrounded by from twenty to forty or 
even fifty dwarf males. 

* The antherozoids thus escaped behave in a very striking manner. Their 
movement is not progressive, but a sort of twitching, or convulsive trembling, in con- 
sequence of which they can only change their position clumsily and slowly. By this 
means they describe a zigzag line around the oogonium, travelling in this way 
until they have found the opening of the fertilising tube, or until they perish. — Since 
these antherozoids are contractile to no small degree they continually change their 
shape during the swarming ; consequently they are seen sometimes as globular, 
sometimes again as ovoid or as acuminate w'cdge-shaped corpuscles, which some- 
times desist in their peculiar movements— -as if they would come to rest — for several 
seconds.. When they remain free their movement may continue for two or three 
'liours, 

'When the antherozoid has discovered the opening of the fertilising tube 
it meets with an obstacle which impedes its entrance to the oosphere ; for the size of 
the antherozoid surpasses the wddth of the opening of the neck of the oogonium 
so much that it could not freely slip through it without altering its size and 
shape. To overcome this obstacle the antherozoids are aided by their extreme 
contractility. Hence the antherozoid is seen to suddenly contract before the opening 
of the neck of the oogonium, its form also changing at the same time so that its 
anterior portion with the crown of cilia are directed forward towards the opening, 
and it becomes wedge-shaped. The narrowed and pointed anterior portion of the 
antherozoid is now slowly drawn in through the opening of the neck of the oogo- 
nium, and as it enters it becomes more and more elongated at its anterior end, it 
is at the same time very clear to see how the cilia of the corona move them- 
selves vigorously like whip-lashes. This movement of the cilia continues only 
until the anterior end of the. antherozoid has approached so near to the surface 
of the oosphere, that the cilia reach it, and, coming in contact with the soft 
protoplasmic mass of the oosphere, remain attached to it. Here the antheiozoid 
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is now held fast and cannot go back again : a sort of coiiviilsion then follows, 
and the antherozoid touches the oosphere with its anterior end. At the moment this 
contact of the t\vo sexual cells occurs, the oosphere turns pale at the point of 
contact and there appears a somewhat large rounded colourless and bright spot — 
the receptive spot — which is however somewhat translucent at the edges, and this 
indicates the place of fusion of the sexual cells : its appearance and occurrence 
in this way have not yet been observed in other plants. Immediately after the 
appearance of the receptive spot, the union of the antherozoid with the siibstaiice of 
the oosphere begins, a vigorous contraction of the latter and the slow gliding in of the 
former being very clearly observable. The contraction of the oosphere is so vigorous 
that its change of form thus produced induces at the same time a change of form in 
the oogonium also. 

' The slipping in of the antherozoid through the narrow opening of the neck 
of the oogonium, and its union with the female sexual cell remind the observer 
involuntarily and in the most forcible manner of ^ those phenomena which have been 
observed in the conjugation of for insta^^ since here, as there, we see 

that the fertilizing sexual cell, in order to be able to unite witli the one to be 
fertilised must make its way through an opening which is disproportionately narrow 
in relation to its size, and accommodate its form and size to this opening— here as 
there contraction of the sexual cells takes place before and during their union, and 
just as clearly also, on account of the striking difference in colour and size of the 
antherozoids their fusion with the substance of the oosphere may be followed in the 
clearest manner/ 

Finally may be given the description afforded by De Bary and Strasburger 
{iot. Zeii. 1877, p. 748) of the behaviour of the sexual swarm-spores or gametes of 
Ace/a 3 ii/ana, 3 . non-ce\hihr rnmne Algo , : — 

^ In spite of the fact that the drops used for observation appeared to form a 
thoroughly efficient medium for the development and movement of the swarmers, 
I nevertheless saw that at first all the sw’armers perished, without one of tiiem having 
germinated. In doing this the swarmers rounded themselves off, formed vacuoles in 
their interior, their chlorophyll-grains became disorganised and emptied of starch- 
grains, and soon the whole resembled an amoeba of indefinite outline, which 
finallj" resolved itself into a granular spot. 

‘ The movement of the swarmers in this case continued for twenty-four hours 
in the most favourable cases, and I saw swarmers which remained in the 
interior of unopened spores often still moving even after forty-eight hours. As 
a rule a tendency to disorganisation began after a few hours, however, in some 
cases after a few minutes. 

* The circumstance that I now also saw two spores, which from the appear- 
ance of their vesicles had probably opened simultaneously, suggested to me that 
the copulation only takes place between swarmers of different origin. Several 
weeks then passed till the fortunate accident which showed me what is now known. 
It happened eventually on a very sunny and warm day that numerous spores, 
favoured by previous warm weather, emitted their contents. 

* I saw about mid-day two neighbouring spores, utterly indislingiiisliable from 
one another, open under my eyes, and the swarmers of b<}th hurry straight to the 
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margin of the drop next the window* Here there soon presented itself a sight 
quite different from the ordinary one* 

‘For, while I saw the swarmers from one and the same spore evidently evade 
one another and distribute themselves at about equal distances apart, there were 
soon formed numerous copulating groups, if I may so say, i. e. collective groups 
into which the individual swarmers, so to speak, precipitated themselves head- 
long. I now saw continually new pairs of united swarmers leaving these 
copulation-centres. Frequently, also more than two were anchored together. The 
swarmers as a rule abut on one another with their anterior ends, but at once lay 
themselves together sideways, and then fusion follows. It begins at or near the 
apex, and soon extends over the whole side. The cilia remain free and active 
meanwhile, so that the copulating swarmers go on swarming with the four cilia, 
their movement being particularly tumultuous. The swarmers in the pre- 
viously mentioned cases are directed parallel, but in other and by no means 
rare cases they are seen to be fused laterally, so that their ciliated ends are turned 
away from one another* The union may also first take place at the hinder 
portions of the swarmers, so that they diverge from one another at their anterior 
ends. Finally, I also saw cases where they were united in a cross-like manner* 
This however seemed to me to exhaust the variety of cases of pairing. 

‘As already mentioned, more than two swarmers may exceptionally fuse 
with one another. The simplest case here again was that they laid themselves 
together parallel to one another. They then worked on with six cilia, going 
for\vard like simple swarmers. I saw also complexes in which two swarmers 
took up one direction, and the third the opposite one, and finally also such 
which owed their origin to a large and often indefinite number of swarmers. I 
could see from an approximately cuboidal mass a large number of colourless 
spots project, each moving its pair of cilia. The whole show^ed an irregular 
rotating movement, 

‘ The red streak of the swarmers may assume any position during the 
copulation. 

‘ iVfter swarming for some time, in all cases longer than in the case of those 
swarmers which remain free, each copulation-product rounds itself off. At first 
it is possible still to recognise the colourless spots of the copulated swarmers in 
the complex, and even the cilia may be still retained on the sphere. The colourless 
spots and cilia then disappear, however, and we have a sphere coloured green 
with chlorophyll, in which a corresponding number of red streaks are to be 
distinguished/ 

Still more remarkable and astounding than the above statements, which I 
have expressly taken verhaiim from the original memoir, are perhaps De Bary's 
most recent statements in his ‘ UntersMckungen uher die Peronosporeen mid Sapro- 
legnieerP (i88i), where he devotes a special chapter to the fact, established by 
himself, that in these Fungi the oogonia are usually the first to develope, the 
male fertilising tubes not having been present meanwhile i these latter however 
are developed during a certain stage of development of the oogonium, and ex- 
clusively in its neighbourhqod, either from a branch which belongs to the same 
shoot as the oogonium, or else on other tubes which are not at all connected 
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with the oogonimii genetically^ but lie sufficiently near it to be influenced by it. 
Of course the distance is hot great, and De Bary states that ii amounts to about 
the diameter of an oogonium. In other cases again, the young oogonia exert a 
modifying effect on the growth of such tubes on which male organs (aniheridia) may 
be formed. ' As soon as a vigorously growing lateral branch of this kind,’ says De 
Bary,Aattains a certain distance from a young oogonium, its end is seen to bend 
over towards it, and then develope into an incipient antheridiiim.’ He then con- 
tinues, y the divergence of the lateral branch described cannot be referred to any 
other cause than special properties of the oogonium.’ 

To my mind there can scarcely be a doubt that the pollen-tube of the 
Phanerogams also is specially influenced by something which induces it to 
grow with its end containing the fertilising substance directly towards the 
opening of the very narrow niicropyle, to penetrate eventualiy to the oosphere. 
It is remarkable that this matter has as yet scarcely been thought worthy of 
investigation. When one reflects how extremely inaccessible the micropyle of the 
ovule in the cavity of the ovary usually is, how narrow it is, how great the distance 
often is which the pollen-tube must traverse from the stigma through a long- 
style down to the ovary, and when one further considers that for the fertilisation 
of any ovary which contains only one ovule, even a very few pollen-grains on the 
stigma ensure that a pollen- tube reaches the micropyle (e. g. this is conspicuously 
the case with Mirabilu iongiflora)^ further, that on the stigma being sufliciently 
pollinated, often hundreds and thousands of ovules in an ovary each recei\'es its 
pollen-tube, and when one further observes how the pollen-tubes of some Orchids 
grow down free through the cavity of the ovary to the ovules, and so on, it must 
be obvious that the entrance of the pollen- tubes into the micropyles can by 
no means be a matter of chance, but that definite arrangements must exist 
which lead the growing end of the pollen-tube to its destination. It is true the 
tissue of the stigma and of the style are especially ’ suited to at least offer no 
hindrance to the pollen-tubes on their way to the cavit}* of tlie ovary ; moreover, 
in many cases special relations of organization exist on the inner walls of 
'the ovary, which evidently have the purpose to show the pollen-tube the way, so 
to speak,, which conducts it to a micropyle. But why do the poilen-tiibes when they 
germinate on the surface of the moist stigma,: grow directly Into its .tissue; wliy do 
they bend from the stigmatic lobes into the conducting tissue of tiie style; and wiiv 
do they follow in the ovary the indicated road-marks where space and opportunity 
exist for deviations, and so on? It appears to me that in addition to the vi.silde 
coarser relations of organisation referred to, invisible arrangements and unknov n 
forces exist which chiefly determine that the |;>oiicn-tiibes find iheir way from tlie 
stigma to the micropyle. 
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TRANSMISSION AND BLENDING OF THE PATERNAL AND 
MATERNAL PROPERTIES BY FERTILISATION’, 

^ (HYBRIDS.) 

As a rule the sexual union takes place between two cells which originate either 
from the same mother-plant, or from two plants of the same kind (species or variety) ; 
each of the two sexual cells thus transmits to the embryo properties of its own kind, 
and it cannot be forthwith determined which of these properties the male and which 
the female element carries into the new plant. The case is quite otherwise when the 
fertilisation takes place between two different species of plants. In this case the male 
reproductive cell contributes to the union different properties from the oosphere, and 
whenever such a union is possible between sexual cells of different species, if an 
embryo capable of development results therefrom, it must be investigated in wdiat 
the various properties derived from the different parents are transmitted to the de- 
scendants and combine with one another. It. must be investigated whether any and 
what properties in the descendant are derived from that plant which provided the male 
fertilising element, and which of them have been transmitted to it through the female 
cell. Experiments show^ that plants of different species can be successfully com- 
bined sexually; such a union is termed Hybridisation or Bastard-formation, their 
product being the Hybrid or Bastard; according as different varieties of a species, 

^ The first plant-hybrids were produced and carefully described by Christian Gottlieb Kolreiiter. 

1 le was engaged for a very long period with this subject, and this so profoundly that subsequent 
investigators were practically unable to add anything essential. His chief work bears the title ^ Vor- 
IdNjige N’adiricht von cbiigcn das Gcschkcht der PJlanze^i betreffcnden Versiuhen tmd Beobachtun- 

(Leipzig, 1761, and continuations, 1763, 1764, and 1766). 

The most prominent of the subsequent works are : — 

"William Herbert, ^ Amaryllidacese, preceded by &c., and followed by a treatise of cross-bred 
vegetables’ (London, 1S37). 

G’artner, ‘ Vcrsiichc ttnd Beobachtungcn fiber die Bastaf^dcrzmgiing im lyfanzcnrekh ’ (Stuttgart, 
1849). 

Wichura, ^ Die Bastardhefmchtung im Fjlanzenreich, erJdnierl an den Bastardm dcr Waden" 
(2 tables in Nature-print, Breslau, 1865). 

Naegeli in ^ Sitztingsber. d. kgl. hay, Ak, der WissJ (Miinchen, 1865, 15 Dec., and 1S66, 
13 Jan.). 

Charles Darwin, ^ Besidfs of Cross- ami Seif Fertilisation in the Vegetable Kingdom' (I.ondon, 

1879). 
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different species of a genus, or two species from different genera have united 
sexually, the resultant hybrid product may be designated as a variety-hybrid, a 
species-hybrid, or a genus-hybrid. 

Of Cryptograms only a few hybrids are known with certainty, Thuret {Ann^ des 
Sc.Nai, 1885) obtained hybrid embryos by mixing the oosplieres of Fucus vtsicuksm 
with the zoosperms of Fucus serratus. In a fe^v other groups of Cryptogams forms 
have been found which from their properties are referred to a hybrid origin. Thus 
A. Braun ( VerjUngung^^.^2^) mentions hybrids of the Mosses Phj^Komiiriiim pyriforme 
with Funaria hygromeirica^ and Fhyscomiiriwn fasciculare with Fimaria hygromeirka^ 
also Fern hybrids of chrysophylla and Gymnogramme caIo?ni:hLna^ 

Gy 7 nnogra 7 n? 7 ie chrysophylla with G, dtslans^ and of A^hl/um JilLV- 77 ids with A. 
spmulosim. 

The hj^brids of Phanerogams obtained by artificial transference of pollen are 
however preferably valuable for scientific considerations regarding hybridisation, which 
at the same time render clearer the meaning of sexuality generally. Naegeli (i) has 
collected the results of many thousands of hybridisations, made by Kolreutcr in the 
last century, and later by Knight, Gartner, Herbert, Wichura and other observers. 
From this critical survey of Naegeli's I take the following statements as examples. 

(i) Only such plants as are systematically nearly allied can form hybrids witli 
one another. Hybridisation is effected most easily and completely as a rule between 
different varieties of the same species; the production of hybrids is more difficult, 
though in many cases possible, between two different species of the same genus. 
Only a few cases are known of hybrids between species which are placed in different 
genera, and it is probable that such species, one of which successfully fertilises the 
other, should be placed together in the same genus. I'he ability of species to form 
hybrids exists moreover to very different degrees in different orders, families, and genera 
of Angiosperms. The following are as a rule favorable to hj’bridisation : the Liliacetu 
Irideoe, Nyctaginese, Lobeliacece, Solan acese, Scrophiilarinere, Gesneracea?, Primulacete, 
Ericaceae, Ranunculacet®, Passifloreae, Cactacese, Caryojdgvllacece, Malvacece, Gera- 
niaceae, (Enothereas, Rosaceae, and Salices. Hybridisation of species succeeds not 
at all, or only exceptionally, among the Graminem, Urticacem, La!)iauu, Gonvolvu- 
laceae, Polemoniaceas, Ribesiaceje, Papaveracese, Cruciferae, H}-|}ericinea:‘, Papilio- 
nacese. Moreover the genera of the same order or family !)e!iave differently. 
Among the Caryophyllacese the species of Dianikus may be easily hybritlisecl, tliose 
of Aij’te with difficulty; among the Solanacese the species of Nkotiana and of Dakmt 
are prone to hybridise, but not those of Sohnum^Fhysalis 'AwA Xyca7idra\ and among 
the Scrophularineae the species of Verhasctmi and Digitalis, but not those of Ika/as- 
temon, Liiiaria, and A;////'/'///)///;;/ ; and among Rosacece the species of 6\ ///;/, but 
not of Potent ilia. 

Hybridisation between different'' genera 'has been observed between. lyclmk and 
Silene, Rhododendron and Azalea^ Rhododendron and Rkodora, Azaka and Rlmdora^ 
Rhododendron and Kalniia^ Rhododcfidron and Alenzksia^ xlegiltfs aiui Triikum, 
Eckinocacius^ Cereus, and PhyliocacitiSyhtziit^ a few wiki forms which are apparenily 
to be explained as genus-hybrids. 

(2) Besides the close systematic relationship, a certain relation of the plants con- . 
cerned to one another in addition decides as to the possil)iliiy of ihe formation of 
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hybrids : this expresses itself only in the success of hybridisation, and may be de- 
signated, according to Naegeli, sexual affinity. The sexual affinity does not always 
go parallel with the external similarity of the plants ; for instance, no one has yet 
succeeded in producing hybrids of Apple and Pear, of AnagalUs arvemis and A: 
ccErulea, of Primula officinalts and elatior^oi Nigella daniascena and N, saliva^ and 
other systematically very similar species of the same genus, while in other cases very 
dissimilar forms unite ; for Aegilops ovata with. Trilicum mlgare/Zfchiis 

dmrna withZ. flos cuculi, Cereus speciosudmus and Phyllocacius Phyllanihus, Nectarine 
and Almond. The difference of sexual affinity and systematic alliance is still more 
strikingly demonstrated by the fact that sometimes the varieties of the same species 
are mutually sterile in whole or part, e. g. Silene infiaia^ var. alpma with var, angusli- 
folia; YB.i\ lal folia with vzr/liloral^^^ &c. 

(3) When a sexual union of two species A and Bis possible, it usually happens that 
:A can yield hybrids with pollen from B, as well as B with pollen from A (reciprocal 
hybridisation); there are also cases however where the species A can only be the father, 
and the species B only the mother, the pollination of A with the pollen of B remaining 
without result. Thus Thuret found that, as already stated, oospheres of Fucus vesicu- 
losus yield hybrids with the zoosperms of F, serraius, whereas the mixture of the 
oospheres of F. serraius with the zoosperms of F. vesiculosus remains without 
result. According to Gartner Nicotiana paniculaia is very prone to form hybrid seeds 
■with the pollen of N, Langsdotfi^ wffiereas N. Langsdorfii forms no seed with the 
pollen of Wl paniculaia, Kdlreuter was able to obtain seeds easily from Mirahilis 
Jalappa with the pollen of M, longiflora,, but more than two hundred pollinations of 
AL longifiora by AL Jalappa during eight years remained wdthout result. 

(4) The sexual affinity presents the most various degrees. The one extreme 
lies in the complete failure of pollination with the pollen of another variety or species, 
so that the pollen-tubes do not even enter the stigma, and the pollinated flower be- 
haves as if no pollen had reached it : the other extreme shows itself in the formation 
of numerous hybrids which not only develope vigorously, but also reproduce themselves 
sexually. Between the two extremes the most various gradations and transitions 
occur. The lowest stages of the influence of pollen of another kind consist in that 
various alterations take place only in the floral parts of the mother-plant itself, the 
ovaries or these and the ovules growing, but without an embryo being developed. A 
higher stage of the influence evinces itself in the development of ripe normal fruits 
with seeds containing embryos, but the embryos are incapable of germinating ; a 
further advance then appears with reference to the number of ripe embryos capable 
of development in the pollinated ovaries (cf, Hildebrand, ^ Basiardirufigsversuche an 
Orchidecni — Bot Zeit, 1865, No. 31). 

(5) When different kinds of pollen are simultaneously transferred to the same 
stigma, only one kind effects fertilisation, that to which the greatest sexual affinity 
may be ascribed. Now since in general pollen acts most favourably on the fertilisa- 
tion of another flo\ver of the same species — in other words, since the sexual affinity 
attains a maximum between the flowers or individuals of the same species wffien- 
pollination occurs simultaneously with pollen of the same and of another species, only 
the former is effective in fertilisation ; since on the other hand hybridisation between - 
varieties is sometimes more effectual than the fertilisation of a variety by means of its 
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own pollen, in this case the pollen of the other kind may exclude that of its own kind 
from the fertilisation. If various kinds of pollen come on to a stigma at different 
times, and if the later comer is of greater sexual affinity, it can only then be still 
effectual in fertilisation if that %vhich first entered has not yet effected fertilisation or 
injury ; in Nicotiana hybridisation can no longer be prevented by its own pollen 
after two hours, in Malva and Hibiscus after three hours, and in Dianthiis after five 
or six hours. 

(6) The hybrid stands, according to its systematic characters, somewhere between 
the different ancestral forms. For the most part it maintains the medium; more 
rarely it resembles one of the two parent fonns more than the other, this being more con- 
spicuous in the case of hybrids between varieties than with those between .species. 
Hence it follows that in the case of reciprocal hybrids of species J and />\ the hybrid" 
^ .5 is in general e.xternaliy similar to the hybrid Nevertheless both may ex- 

hibit certain internal differences. Thus, according to Gartner, the hvbrid 
paniculato-msiica is more fertile than the reciprocal hybrid ruslico-paniailata. .^n 
internal difference between reciprocal hybrids also expresses itself in that the one is 
more variable than the other ; thus, according to Gartner, the progeny of Digiialis 
purftireo-hdea are more variable than those of D. luko-purpurea, and those of 
thus pulchdlo-arenarius more variable than those of D. armario-puh-hcUus. 

When two species J and ^ form hybrids, and the one species J exJrts a greater 
influence on the form and properties of the hybrid than the other species 7J, the Lbrid, 
when it and its descendants are fertilised by J, must be transferred into the parent- 
form A more rapidly than it passes over into the parent-form by fertili.sation with 
H Thus, according to Gartner, the hybrid of Diau/Aus ckimatsis and D. ovynphrl/u^ 
when repeatedly fertilised by the latter, was transferred mto D. cmyopAr/lm after three 
or four generations, whereas fertilisation with D. ekinensis yielded descendants of itie 
form of D. chinensis only after five or six generations. 


( 7 ) The characters of the parent-forms are as a rule transmitted to the hvbrid 
m such a way that in each character the influence of both parents is evident; a mutual 
fusion of the %aiious characters occurs. In the case of species-hvhrids this is more 
decidedly expressed than with hybrids between varieties. In the latter certain un- 
essential characters of the ancestors occasionally occur separated next one another ■ 
for instance, various kinds of streaks and spots instead of a corresponding mixture of 
colours. A hybrid which Sageret derived from Cuamis CkUc (female) with C. 
C.aiitalupms (vhich posse.ssed a reticulate peel) produced fruit with veilow llc'h 
reticulate markings on the peel, and flrirly strong rihs like the latlier, bin «hitc srl-ds 
and sour taste like the mother; another h}-brid of tliese two .specie.s had on the 
contrary fruit with sweet taste and yellow fie.sh, like the father, but nhito' seeds 
and smooth^ peel, like the mother. I'o this catcgor,v hvlongs also the hvbrid 
between Cytisus iMhunium and €. pmfureus, the branches of which re.semhle whollv 
O’, m part, sometimes the one, sometimes the other parent-form. I f,,und what was 
very proliably a hybrid of An/irr/jifwm majus, tiie inflorescence of which bore on the 
one side of the axis only uniformly dark red, on the other side yellow flowers ; between 
haVTllow''^'* inflorescence stood one flower which was coloured half red and 

(8) Besides the inherited peculiarities, the hybrid usually pos.scsscs new characters 
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in addition, which distinguish it frorn both of its parent-forms. One new property of 
the hybrid, particularly of the variety-hybrid, for example, is the tendency to vaiy more 
than the parent-form does : species-hybrids are usually sexually enfeebled, but those 
of closely allied species are often more vigorous in their growth than the two parent- 
forms, whereas the hybrids of more remote species are more feebly developed. The 
luxuriant growth of hybrids between closely-allied species expresses itself in the de- 
velopment of more numerous and larger leaves, higher and stronger stems, richer 
root-systems, and more numerous shoots (stolons, layers), &c. Hybrids also have a 
tendency to greater longevity, perennial hybrids arising from annual and biennial 
parent-forms, but this is probably in consequence of the usually scanty seed-formation. 
Moreover hybrids are noted for commencing to flower sooner, and for doing this 
longer and more copiously than the parent-forms ; they sometimes produce extra- 
ordinarily large numbers of flowers, which are moreover larger, better scented, more 
intense in colour, and more persistent. The flowers of hybrids have a tendency to 
become double, iniiltiplying their carpellary and staminal leaves and developing them 
as petals. In addition to this luxuriant growth the sexuality is mostly enfeebled, and 
this in the most various stages. ^The stamens are in some cases completely developed 
to all appearance, but are w^holly or partly barren, since the pollen-grains do not attain 
the norma! perfection ; in other cases all the stamens are aborted and reduced to 
minute rudiments. The pistil (carpels, ovaries) of hybrids cannot as a rule be 
distinguished from those of the. ancestral species, but their ovules are either incapable 
of conception, or are only slightly capable of it; no oospheres are formed, or the 
embryo which begins to be developed from the oosphere perishes sooner or later. 
In the most favourable cases, when seeds capable of germination are developed, they 
exist in smaller quantities, and evince in their slow germination and in the short 
period during Avhich they maintain the power of germinating, a certain feebleness ’ 
(Naegeli). The enfeeblement of the sexuality is in some variety-hybrids hardly 
noticeable, in others slight ; it increases as a rule in proportion with the remoteness of 
the systematic relationship and sexual affinity of the ancestors. ■ If the species-hybrids 
are able to form seeds by self-pollination, the fertility usually .decreases, on continued 
self-pollination, from generation to generation, a phenomenon which perhaps depends 
less on the sexual feebleness -of the hybrids than on the circumstance that probably 
the flowers of the hybrids have often been self-fertilised instead of being crossed 
with other flowers or with other individuals of the same hybrids. According to 
Naegeli, the rule may in general be applied that the male organs of species- 
hybrids are enfeebled to a greater extent than the female ; nevertheless there are 

exceptions. , ^ 

(9) ‘ Hybrids generally vary in the first generation the less, the more remote in 
relationship the ancestral forms are from one another; and thus species-hybrids less 
than variety-hybrids, the former often being distinguished by great uniformity, the 
latter by great variability. If the hybrids are self-fertilised the variability increases 
in the second and following generations the more, the more completely it was 
wanting in the first; and three different varieties appear the nioie certainly, the 
more remote the parent-forms are from one,, another — one, which agrees with the 
original type, and- two others which more resemble the parent-forms. These varieties 
have, however, at least' in the earlier ge-neranon% littlc^Oohstancy, and aie. not trans-' 
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formed into one another; an actual reversion to one of the two parent-forms 
(the breeding being purely in and in) occurs chiedy when the pareiit-forms are very 
nearly related, as in the case of hybrids between varieties and species which resemble 
the varieties. When it occurs with other species-hybrids it appears to be confined 
to those cases where one species has exerted a dominant influence in the hybrid 
fertilisation ^ (Naegeli). 

(10) If a hybrid is sexually united with one of its parent-forms, or wfith another 
parent-form, or with a hybrid of different descent a in its 

turn again can be united with one of the parent-forms or with hybrids of other descent. 
If the union of a hybrid with one of its parent-forms is accomplished, and if the 
derivative hybrid thus obtained is again united with the same parent-form, and this 
continued through several generations, the derived descendants acquire more and more 
the peculiarities of the one parent-form, and at last completely resemble this, the 
derivative hybrid reverting to the parent-form employed in the process. According 
as the one or the other of the two parent-forms is used, more or fewer genera- 
tions are necessary for the derivative hybrid to become like the one parent-form; 
from this behaviour Naegeii has deduced certain numerical expressions (formulm of 
inheritance) which give in figures the amount of the influence of one species with 
respect to the inheritance of the properties in hybridisation. In proportion as the 
derivative hybrid approximates to the one parent-form its hybrid nature diminisiies 
more and more, and its fertility especially is increased. 

If a hybrid is sexually united with a new parent-form or with a hybrid of another 
species, there arises a derivative hybrid in which three, four, or more species (or 
varieties) are fused; Wichura has combined even six different species of Willow into a 
derivative hybrid. Such hybrids, 'which may probably be better designated compound 
hybrids, follow, with respect to their form and other relations, in general the rules 
given for the simplest hybrids; the compound hybrids are so much the more sterile 
the more different parent-forms are united in them, and they are also generally very 
variable. Wichura showed from his own and Gartner’s observarions that tlie progeny 
from the pollen of the hybrids are more variable (more multi-formed) than lliose from 
the pollen of true species. 

In the preceding, hybridisation has only been regarded from its theoretical 
side : that it has practical value also is shown by the innumerable hybrids of 
cultivated flowering-plants which have long adorned our garilens, and winch are 
increased every year by new forms. Perhaps the most important of all hylirid plants 
practically however are the hybrid forms of the Vine ; except the Willows {Salix) 
there is scarcely any other genus of plants whose species are so easily crussed as 
those of the genus Viiis. The Vine cultivated in Europe, Viiis comes from 

western Asia: numerous other species grow wild in N. America. Since the time when 
the Vine-insect {F/ifikxera) began to devastate the vinej^ards, especially in France, llie 
American vines and their hybrids, together and with our ok! cokivated npecks, have 
obtained great practical importance, because several of them withstand the attacks of 
the Vine-insect, and present to the Vine-grow’ers a means for further culture. Mj 
friend A. Millardet, Professor of Botany In Bordeaux, has !)eeii engaged for ten years 
with the study of the devastation caused by the Vine-insect in tlie French vineyards, 
and has especially investigated the question of the resistance of the American specks 
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of Vines and their hybrids, and has at my request furnished me with the following 

remarks on hybridisation within the gems Vz/is. 

^The genus Vi/is is one of those of M^hieh the sexual inter-crossing of species is 
very extensive and clearly established. * 

^ In N. Amezica the following species of Vine are found :• — VtWs rtipesfris.^ eastward 
of the Mississippi, and along the banks of the Missouri as far as Texas : F. riparia over 
nearly the whole region of N. America from Canada to Texas, and from the Rocky 
Mountains to the Atlantic Ocean : V. cordt/blm in the centre and south of the United 
States, and in Texas : F. monhcola in Texas and New Mexico : F. cinerea ( F. aestivalis, 
cinered) from Missouri to Texas : V, aestivalis in the centre and south of the United 
States : V. Lmcecumii^ in the south of the Union and Texas : V. lahrusca, in the east 
of the Union from the Alleghanies to the Atlantic Ocean : F candicans, in the south 
of the United States and Texas: F. caribma in Florida (?) : V, calif ornica in 
California, and F. arizonica in Arizona : F. roiu7tdifoIia in the south of United States. 

^ A careful study of the wild Vines which are annually imported in millions into 
France from over the whole Union (especially from Missouri and Texas) leads me 
to the conviction that all these species (except the last four, which I have not hitherto 
been able to examine with the necessary care) can be crossed (hybridised) with one 
another, and this in the most capricious manner. I have so far become acquainted with 
the following crosses;— F. 7'iparia with F. (Missouri ?) — F. ripana mth. 

F. candicans (Iowa) — F. rupestris with V. candicans (Texas) — F. cor difolia with 
F. candicans (Indian territory)— F. cord folia with F. rupestris (ditto)^ — V. cor difolia 
with F. aestivalis (Missouri) — F. cord folia with F. cinerea (Missouri) — V, aestivalis 
and F. cinerea (ditto) — F, aestivalis and F. candicafis (S. W. of Missouri). 

‘ All these hybrids are binary : I have however also recognised the following 
ternary ones — the variety ^ Solo7iis ’ (Arkansas ?) as a hybrid of F. ripa^'ia, V, rupestris 
and F. candica7is ; F. aestivalis with large berries, which Hermann Jager found in 
the wild state in S. W, Missouri and the neighbouring districts. In some of the hybrids 
of F. aestivalis and F. candicans, there is also a strain of F. LincecumiL 

‘ These are the results of my (Millardet's) investigations on the Vines growing- 
wild in the United States. The study of the Vines cultivated in the vineyards of the 
same country has lead to similar results. Perhaps no one sort of those I have 
observed is a pure descendant of a wild species, in spite of all that the growers, ampelo- 
graphists and botanists may say : all are products of more or less complicated 
crossings, in wfoich the European Vine (the culture of which has been attempted at 
various limes in the Union) has often co-operated. As examples I will mention 
only the most impoilant of these spontaneous wild hybrids, 

' The so-called * Clincton * is a hybrid of F. riparia and F. labrusca, and 
‘ Taylor; ^ Elvira,’ * Noah,’ ‘ Franklin,’ are of the same composition. ^ York Madeira/ 
is a hybrid of F. lahmsca and V, aestivalis j and the same is the case with ‘ Eumelan, 

* Alvey,’ ‘ Moi'ton’s Virginia/ ‘ Cynthiana/ &c. * Delavare ’ is a hybrid of F. labnisca, 

F vmifera, and F. aestivalis » ‘ Jaquez’ is a hybrid of F. aestivalis, V. vinfera and 

F. cinerea if), ‘Cunningham/ ‘ Rulander/ and ‘ Herbemont,’ are hybrids of 
F. aestivalis, F cinerea, and F. vinifera. Finally, the Vine now called ‘ Gaston- 
Bazille ’ (the American name is lost) presents a still more complex composition ; it is 
a hybrid of F lahrusca, F aestivalis, F rupestris, and F. riparia, 

[3] .3® 
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‘These facts, so interesting scientifically, have at the same time considerable 
practical importance, as is seen from what follows : — 

‘Experiments have shown me that (apart from K iahrmcii, V, Lmcecmmi 
V.candzcans)B\l the species named above absolutely resist the Phylloxera, and that the 
resistance of the hybrids depends upon their composition: for example, a hybrid of 
V. riparia and F. riipesiris is capable of absolutely withstanding the insect, whereas 
a hybrid od V. riparia and V. lahrusca {‘Clinton/ ‘Taylor’), or of aes/ira/is or 
K cinerea and K vini/era (‘Jacquez/ ‘Cunningham/ ‘Rulander’) possesses a 
diminished, or insufficient, resistance to the insect which no variety of vinifera 
withstands. 

‘ Another fact well worth attention is the follow- ing All the species of United 
States Vines (except F. raii/hr/zica and F. arizmica) are adapted to a climate which 
is much wetter than the w-ettest that is to be found in Europe ; they are consequently 
much more resistent against all attacks of Fungi — Oidium, ‘ Anthraeose.’ I\Iildcw 
{Peronospora tnficold ) — than our European varieties of Viiis vinifera. It is found 
moreover that those species which are most resistent against these evils are at the same 
time those which thoroughly withstand iim ^Phylloxera (F' riparia, F. rupeslris, 
K cor difolia, K cimrea, Sccf 

‘ Starting from this experience I (Millardet) was the f rst to make die suggestion 
to employ the hybridisation of our European Vine (J''. 7'inf ra) with various 
American ones, as a protection both against the Pliylloxera and the fungoid diseases 
referred to. All these hybrids withstand to a certain extent both the Phylloxera and 
the mjurious Fungi. It only becomes a* matter of seeking out the best and most 
/resistent ones. Only by this means will the Vine-culture again become possible in 
."districts with a damp summer climate, where the Peronospora vilieola makes its 
ravages, as in the valleys of the Garonne, the west coast of Portugal, and in various 
places in Italy, Algeria, and Switzerland. The numerous investigations in this 
direction wdiich I have made for two and a half years establish provisionally that it is 
possible to confer upon our Vineyards the pow'er of withstanding all the above evils, 
even Plylloxera not excepted, I now^ possess more than two hundred new hybrids 
'which afford conclusive evidence of this. 

‘ It yet remains to be seen how^ever wdiat will be the qualit}- of the fruit ; Init even 
, : in , this direction' I have great hopes of attaining a satisfactory result, thanks to the 
.localisation of the hybrid characters in the case of the Vine. I am ronviiiced, for 
. example, that among a certain number of hybrids of Chasselas * anil 17/A rfirk an 
individual may be found wdih fruits like that of ‘ Chasselas.’ with leaves like those of 
F. riparia (resistent to Fungi) and with roots resembling those of the latter species 
' (withstanding Phylloxera). Analogous cases into which I cannot here go sufficiently 
authorise me to make this assumption. 

‘ To sum up, my investigations now warrant me in making twti statements 

(1) All varieties of the European Vine are capable of hybridisation with al! the 
American species of Vifis without exception. The com|)lexity of iliese inter-crossings 
may probably be very great, since it is just as easy to produce quaternary as binary 
hybrids. 

( 2 ) Even from the first generation onwards it Is possible to obtain fiyhrids which 
are endowed with great powxr of resisting Phylloxera and Fungi ' (I^lillardet), 
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INFLUENCE OF THE ORIGIN OF THE SEXUAL CELLS OF THE 
SAME SPECIES ON THE RESULT OF FERTILISATIONS 

The male and female cells, or the organs which produce them, arise either 
close to one another or at a distance on the same plant, or they arise on 

different individuals of the same species; the sexual cells of the same species of 

plant may thus, according to their origin, be more or less closely related, 
behaving towards one another as sister-cells, or as cousins, or as their grand- 
children and great grand-children, and so on. The question now arises as to 
■what influence this relationship in the origin of the male and female cells exerts 
on the result of fertilisation. At present it is true no general law can be 
formulated in this connection, but by far the majority of the phenomena point 
to the \’iew ihat the sexual tmion of very closely related sexual cells is ge?terally 
avoided, and l/ils the more the 7nore adiwtced ihe 7norp}iological and sexual differ^ 
entiation. It is only in the case of a few of the lower plants that it happens 
that tlie sexual cells which unite with fertility are sister-cells, e. g. in Rhynchonema 

among the Conjugate; even in most of the other Algm and Fungi the sexual 

cells of the same plant are more distantly related {Spirogyra, (Edogonium, Fucus 


^ The remarkable relations of insects to the fertilisation of flowers treated in this lecture were 
first described at length by Christian Conrad Sprengel in his extremely remarkable and inspired 
work, ^ Das nm cnideckie Gcheimniss der Nahir wi Ban tmd ht der Befntchitmg der Blumen^ 
(■with 25 copper plates, Berlin, 1793), after Jos. Gottlieb Koelreuter (1761) had already pointed out 
in his ^Vodmifigcji Nachtdchicjt, das Geschlecht der Pfla^tzen betreffendi the necessity of the aid of 
insects in the pollination of many flowers. Sprengel indeed expressed the fruitful idea, ‘ since very 
many flowers have separate .sexes, and probably at least as many hermaphrodite flowers are dicho- 
gamoiis, Nature appears to be unwilling that any flower shall be fertilised by means of its own pollen.’ 
SprengeFs work remained unnoticed until about twenty, years ago; it was rescued from obscurity by 
Charles Darwin, and the doctrine extended by new observations of the latter and incorporated with 
the theory of descent. Stimulated by Darwins work 011 the fertilisation of the Orchids (1862) and 
by other works of the same author, an extensive literature on this subject has been developed, of 
which I will only quote one or two titles. 

Friedrich Blildebrand, ^Die Geschlechtsvertheilung bet den Pflanzett tmd das Geseiz der vermie- 
denen mid mimrthcilhaften steiigen Selbstbefruchtung* (Leip2ig, 1867). 

The most exhaustive and fundamental work on the facts of this subject is Elermann Miiller’s 
comprehensive work, '^Die Befruchtung der Blumen durek Insekien und die gegetiseitigen An- 
passungen heideD (Leipzig, 1873). Translated into English by D’Arcy W. Thompson, 
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platycarpm, ko,'), and in all cases in which fertilisation is accomplished bj means 
of active or passive naotile zoosperms, at least the possibility is given of their 
meeting with oospheres of more distant origin. Even in the case of VaMclieria^ 
where the antheridium is the sister-ceil of the oogonium, the ciirvature of the 
former and the direction in which the zoospernis are emitted, points to the fact 
that fertilisation generally takes place not between the organs which stand next 
one another, but between those more remote, or even between those of different 
individuals. 

The tendency to allow only sexual cells of the most different origin possible 
to fertilise one another within the limits of the same species, is evinced by very 
various arrangements. The simplest way is by only male or only female organs 
being produced on each individual of the plant; thus the whole development of 
the two plants concerned lies between the two sexual cells which come into 
union, if they originate from the same parent-planl, and a still longer series of 
developmental processes if the plants in question themselves originate from 
different parent-plants. Now this distribution of the sexes, wliich we may designate 
generally as dtmcioits, is found in all classes and orders of the vegetable kingdom, 
and this extension of it alone indicates that it is an adaptation useful for the 
maintenance of the most different species; thus we find dicecism in many Algce 
(e. g. most Fucacece), in most Characece, many I\rusciiieai, in the proihallia of 
some Ferns, and most Equisetacese, and further in many Gymnosperms and 
Angiosperms. 

If the vegetative body which produces the sexual organs is itself large, or 
at any rate much segmented, a distant relationship of the ‘ two kinds of sexual 
cells is attained by male cells being produced on different branches from the 
female ones; this case also, which may be denominated generally as jnonachm^ 
is very widely distributed in the vegetable kingdom (some Algce, many r^Iuscinecc', 
very many Gymnosperzns and Angiosperms). 

But even the apparently most unfavourable condition as regards the principle 
laid down above, that the sexual cells arise close beside one another, is frequently 
realised in the vegetable kingdom, the sexual cells being thus of dose though not 
always of the closest descent : thus the same cell-filament of the algal genus 
(Edogonnwi produces male and female cells, the same vesicle of forms 

antheridia and oogonia close together, the same receptacle of Fmn.s' pk hr a r pus gives 
rise to oospheres and zoosperms, the oogonium of most Cliaracea} arises dose besiiie 
the antheridium on the same leaf, the archegonia and antheridia of some Mosses 
(species of are collected together in one ^flower,' and the proihallia of 

many Ferns produce both kinds of sexual organs in dose I'jroximiiy to one 
another. In the flowers of Angiosperms the androgynous sexual apparatus is 
typical and very general But in all these cases where the object is ap|»arciitlj 
to promote the union of sexual cells which are closely allied, mechanisms exist 
at the same time wliich prevent the male cells coming into contact with the 
female ones produced close beside them, or at any rate care is taken that this 
need not always occur, a fact which w^as first recognised by Kdireuter (i^6i) 
and Conrad Sprengel (1793)? nnd^ more recently ■extended by Darwin, Hildebrand 
and others. It js just in the case of the hermaphrodite flowers and the similar 
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distributions of sexes in the CryptogamSj that it is most conspictiously shown that 
the co-operation of the sexual cells of near relationship must be injurious for the 
existence of most plants, since such various and often perfectly astounding means 
are eniplojed foi a\oiding fertilisation within a hermaphrodite sexual apparatus. 

One oi the commonest and simplest means is Dichoga77iy-~~i, e. the non- 
simultaneous development of the two sexual organs in one and the same andro- 
gynous sexual appaiatus, so that the closely related sexual cells produced side 
by side, compelled to exercise their functions at different times, and thus cannot 
act together. The male cells must therefore unite with the female ones of 
another androgynioiis sexual apparatus. This is very generally the case with 
the flowers of Angiosperms, as well as with most Fern-prothallia and those 
Characcce which are not dioecious, wTere, although the oogonium arises close 
beside the antheridiiim, it attains sexual maturity later than the latter (very 
conspicuous for example in Niklla flexilu). 

In the case ol the dichogamous flowers of Phanerogams, insects are employed 
for the transference of the pollen on to the stigma of other flowers, and for this, 
purpose special mechanisms exist in the floral organs : we shall examine these 
later on. In the dichogamous Nitellas and Fern-prothallia the movement of the 
antherozoids siiflices, the close growth of the plants promoting their access to 
archegonia of neighliouring prothallia, or to the oogonia on other leaves of the 
Nitella, or even of other plants. Whether dichogamy exists in the case of the 
Algte above mentioned, and some Muscinese, is questionable, but at any rate the 
possibility is given, by means of the motility of the antherozoids and other 
conditions which here prevail, that they come in contact with the oospheres of 
other plants or of other branches of the same plant. 

In the Angiosperms however, in addition to the frequent dichogamy, quite 
other arrangements also occur which have exclusively the object of accomplishing 
the transference of the pollen of hermaphrodite plants with the aid of insects to 
the stigma of other flowers, or even of the flowers of other plants. In most 
Orchidem, Asclepiadem, Viola, the sexual organs of each individual flower 
are developed simulianeoiisly, it is true, but at the time of sexual maturity there 
are mechanical arrangements which prevent the pollen coming on to the stigma 
of the same flosver {Ikrkogam}^'. it must be transferred to other flow^ers by 
insects.. : 

In other cases, as in Corydalis ozm (pointed out by Hildebrand) the pollen 
actually falls on die stigma of the same flower, but it is here without effect, and 
it is only effectual in fertilisation when it is transferred to the stigma of another 
flower, and only completely so if it is carried to the flowers of another plant of 
the same species. This plant, therefore, is only morphologically androgynous : 
physiologically it is dioecious. The Orchid Oficidmni microchiluni behaves 
similarly, according to John Scott, in so far as the pollen placed on the stigma 
of the same flower does not fertilise it, while it is able to fertilise another indivi- 
dual, and also that the female organ is fertilised by foreign pollen. Pollen and 
stigma of the same flow’cr are thus functionally capable, but only for the oigans 
of a foreign flower. Similar relations were observed by Gartner in Lobelia 
fulgens and Verbasetim nigrum, and . by Fritz Muller in Bignonias. 
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No less remarkable is BeUrodylum, in connection with the miitiial fertili- 
sation of different plants of the same species with androgynous flowers. The 
individuals of the same plant in this case differ as regards their sexual organs : 
the one individual forms exclusively flowers with a long style (elevated stigma), 
and short filaments (depressed anthers), the other individual on the contrary, 
flowers with depressed stigma and elevated anthers ; we have in this case, then, 
in the same species of plant individuals with macrostvlous and others with 
microstylous flowers. Examples are Linum perenm, Primula sinensis and other 
Primulace^, The case also occurs, however, as in many species of Gxalis and 
in LyiJirum Salic aria.ikrdX three degrees of length of the sexual organs are met 
with in the flowers of three specimens of the same species; in addition to those 
with macrostylous and those with microstylous flowers, there is found also one 
with mesostylous flowers. Now in these cases of Iietcrostylism Darwin and 
Hildebrand have demonstrated that fertilisation is only possible {Linum perenm), 
or at any rate only has the best result, when the pollen of the macrostylous 
flo^vers is transferred to the microstylous stigma of another plant, and the pollen 
of the microstylous flowers to the macrostylous stigma of another plant. ^Vhere 
three lengths of the styles occur, fertilisation is most successful, according to the 
same rule extended, when the pollen is transferred to that stigma which, in 
another flower, stands at the same level as the anthers from winch the pollen is 
derived. 

While in the numerous diclinous and dichogamous Phanerogams, and in those 
to be mentioned below, insects carry the pollen of one flower to ilit stigma of 
another, it occurs but relatively seldom that the pollination of one flower by another 
is also accomplished without the aid of insects ; e. g. in some Urticacex, such as 
Pika, and Morese, such as Brotissoneiia, where the anthers flying suddenly from tlie 
bud scatter their light pollen in the air as delicate clouds of dust, which is blown 
to the female organs of other flowers. Still more simple is the case of the Rye ; 
the flowers in the ears of the Rye open singly, mostly in the morning, and 
the rapidly elongating filaments thrust the mature anthers out of the glumes; 
the anthers then hang clown on the long filaments, and at once 0|>en and let the 
heavy pollen fall. It falls on to the stigmas of flowers standi isg lower down 
on the same spike or on neighbouring spikes, the swinging of the haulms 
in the wind promoting the process. Rimepaii ha.s shown, moreover, that the 
Rye is ^self-sterile,' that the individual flower can fertilise neitlier itself nor the 
different flowers of an ear, nor can the different ears of one and the same plant 
pollinate one another with success, although no mechanical liindrance to this 
exists. 

Considering the effort so clearly expressed among the Cryptogams, and still 
more among the Phanerogams, to avoid fertilisation within the same bi-sex iial apparatus 
(self-fertilisation) it is a very striking fact that among the Angiosperms several 
plants occur which form two kinds of androgynous flowers, namely, large ones which 
are generally accessible to fertilisation by the pollen of other flowers, and small, 
more or less abortive and occasionally subterranean {fidslagmmm) flowers, which 
never open, and the pollen of w*hich sends Its tubes directly from the anthers to 
the stigma and fertilises the ovules ; we ■ have here, therefore, on the same individual 
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plant, flowers of which the one kind are accessible to foreign pollination, the 
others exclusively to self-pollination. This is the case, for example in Oxalis 
aceioselia^ wlieie the small flowers concealed in the soil appear when the large 
flowers are already ripening their fruits ; further in Impatiens noU me tangere, 
Lamium mnplextcmde, Specularm perfoliata and many species of Viola {V. odorala, 
elaiiorj canina^ mirabiluy &c,), Ruellia clandestmay in several Papilionacese 
{Amphicarpa^ay Voamlseia), Commelina bejtgalensiSy &c. Where in these cases the 
large typically developed flowers are fertile, crossings with other flowers of the 
same species can and must occur at least occasionally in the course of the generation, 
and then the small aborted self-fertilising flowers appear more as an accessory 
arrangement, the purpose and importance of which is quite unknown; but it is 
remarkable and apparently contradictory to the general rule that the large typical 
flowers have occasionally a tendency to be barren (species oWiola) or are 
entirely infertile (Vkmdse/a), so that the reproduction in such cases depends 
chiefly or alone on the self-fertilising abnormal flowers. 

In other cases, as in most Fumariacese, Canna indicay Salma hirfay Lmuni 
tmiatissimumy Dr aha vernUy Brassica Rapay Oxalis micrantha and 0, sensiiivayiht 
pollen, in virtue of the position of the sexual organs, comes (according to 
Hildebrand) directly on to the stigma of the same flower, and is also effective; 
but in such cases, since the flowers are visited by insects, an occasional crossing 
with other flowers is at least not avoided. Even among the Orchidese, where 
the most astonishing mechanisms for the avoidance of self-fertilisation occur, 
the case is found in Cephalanihera grandifloray according to Darwin, that the 
pollen-grains send their tubes out from . the anther into the stigma; from 
Darwin's experiments, however, the yield of good seeds is smaller when the 
plants are left to this self-fertilisation alone, than when they are exposed to 
crossing, to pollination with foreign pollen, by the aid of insects. 

It comes out in the fertilisation of flowers more than in any other case, how 
closely the structure of the organ is adapted to perfectly definite vital relations 
of the plant, and to the fulfilment of perfectly definite functions. Each plant 
has its own special mechanisms to ensure the transference of the pollen to the 
stigma of another flower. It is thus impossible to say much of a general nature ; 
but the following points may be noticed. 

In the first place it is to be observed that the insects effect the transference 
of the pollen involuntarily and unknowingly, as they seek the nectar of the flowers 
which is (for this purpose) seefeted deep dowm in the base of the flo^ver ; flowers 
which are not visited by insects, and the Cryptogams which do not need them, 
excrete no nectar. 

The position of the nectaries, usually deep down in the base of the flower, 
as well as the size, form, position, and often also the movements of the floral 
organs during the period of pollination, are always so calculated that the insect, 
and this often of a particular species, must assume a particular position and make 
definite movements when seeking the nectar, so that the pollen-masses hang on 
to its*hairs, feet or proboscis, and it then, by assuming the same positions in 
another flower is bound to wipe it off on to the stigma. In the case of dichoga- 
mous flowers, the movements of the stamens and the style or stigmatic lobes 
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come in as additional aids. These movements are often of such a kind that at a 
certain time the opened anthers assume the same position in the ilowcr which 
the stigmas in a receptive condition have at another time, so tliat the insect, by 
the same movement, brings the same part of its body in the one flower into con- 
tact with the opened anthers, in the other with the receptive stigmas, and 
wipes off on to the latter the pollen which hangs on to that part of its body. The 
same principle is also employed in the case of heterostylous flowers, in so far that 
here the pollination is most successful when anthers and stigmas which occupy 
the same (permanent) position in the different flowers, co-operate with the aid of 
insects.. 

In addition, however, there are most manifold, often perfectly astounding 
mechanical adaptations to ensure the transference of the pollen hy tlie aid of 
insects. A few examples may now be cited in illustration. 

(i) Dichogamous plants are either protandrous or proiogynous. In the 
former the stamens are developed first, and their anthers dehisce at a lime when 
the stigmas are still undeveloped and not vet receptive for pollination : the 
stigmatic surfaces do not open until later, mostly not until the })()Ilcn from the 
anthers of the same flower has been borne away hy insects, so that they can 
only then be pollinated by the pollen of younger flowers. This is true of species 
of Geramum^ Peiargoiimm, Epilohhm^ Maha, the Umhclliferag C'om|>osiut% 
Campanulaceaa, Lobeliacese, DigUalu and others. The observation of these 
points, and also of the movements of stamens and stigmas mentioned above, is 
so easily accomplished in these cases, e. g. Geranium, Aiihu'a, that a detailed 
description scarcely appears necessary. In the case of protogynous dichogarnoiiH 
flowers, the stigma is receptive , at a to when the anthers of the same flower 
are not yet ripe; when these dehisce later, and allow the pollen to escape, the 
stigma has been already pollinated by pollen from a distance, or has even already 
withered and fallen off (e. g. Parietaria diffusa^. The pollen of this flower can 
therefore only be employed for younger flowers ; this is the case in Stnfhuliiria 
nodosa, Mandragora verna/is, Scopolia afroptddt's, P/an/ago mt'dia, Luzula pfhsa, 
Ant/ioxanihum odorafum, and others (Hildebrand). Among protogynous dicho- 
gamous flowers Aris/o/oc/i/a C/t 7 na/i/fs is distinguished by specially conspicuous 
and peculiar adaptations. 

Fig. 4giJ shows a young flower in longitudinal section; the stigmatic 
surface n is just ready for fertilisation, but the anthers are still dosed. A small 
fly /, which has brought on its back a heap of pbllen from an older flower, has 
Just penetrated through the narrow throat of the flower, and is roaming about 
in the flask-like enlargement A Not uncommonly six to ten such flies may be found 
in a flower: they are imprisoned and cannot escape, because the throat r of the 
flower is beset like a trap with long motile hairs, which offer no hindrance to 
the entrance of the flies, but bar the passage out as in a weir-basket. While the 
insect is thus wandering around the cavity, it brings its pollen-laden back in con- 
tact with the stigmatic surface, and, pollinates It, in consequence of wliich the 
stigmatic lobes curve upwards, as in Fig. 451 Pm. As soon as this has taken 
place, the anthers, which have been closed hitherto, dehisce, and become freely 
accessible, at the same time, by the change, in the stigma, and !>)' the collapse 
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of the hails at the base of the enlargement, which now widens; the flies, 
having deposited on the stigmatic surface the pollen which they brought with 
them, can now therefore creep under to the open anthers where the pollen of 
the latter becomes attached to them. About this time, moreover, the throat r of 
the flower has also become passable from within; the trap-like hairs in it having 
perished and dried up as a result of the pollination of the stigma. The insect, 
laden with the pollen of this flower, can now escape, and, in spite of its latJ 
experience, it again forces its way into a younger flower, there to give up to the 



¥lG. risiolcckiit Clemtiiilis, Portion of stem st, with 

petiole If, in the axil of which are flowers of various ages, i, i young 
and as yet unfertilised flowers; s.e flowers which have been fertilised 
and bent downwards ; A' flask-like enlargement of the flower-tuber; 
./'the inferior ovaries {iiat size). 



FIG. 451 . — Aristolockia Cler.iatifist Flowers in lon- 
gitudinal section; A before, and B after fertilisation 
(enlarged— see text). 


Still receptive stigma the pollen it has brought with it. While the above changes 
are going on in the interior of the flower, the latter, moreover, alters its position. 
vSo long as the stigma in the young flower is still receptive, the pedicel is erect, 
and the perianth open outwards (Fig. 450 i,, i,), presenting to the flies a hospitably 
open door; but as Soon as they have accomplished the pollination of the stigma, 
the pedicel bends sharply downwards at the base of the ovary, and when the 
flies, again laden with pollen, have flown away from the flower, the banner-like 
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lobe of the corolla ( 5 , Fig. 45 0 over the moutb of the throah stopping 

the entrance to the flies, which have now nothing more to do here. 

(2) Flowers with sinmitaneons' .dehiscence of stigmas and anthers, but in 
■which self-pollination is rendered impossible or di.fficult by the position of the 
oro-ans, and by mechanical obstructions. The transference of the pollen on to 
the stigma is here also usually dependent upon insects, mostly so that a stigma 
can only be pollinated by the pollen of another flower ; occasionally howewer, 
(as in the Asclepiadeae) pollination by the pollen of ihe same flower. In addition 
to that from a distance, is not excluded entirely. The adaptations here are 
extraordinarily manifold, and sometimes so complicated that their explanation can, 
only be detected by means of close research. To this sub-division, for insianee, 
belong the species of /ra, Croci/s, Fedw&kr/s, man}- Labiates : also :\Ie]astoma,eex% 
Passiflorese, and Papiiionacem. Among the most inter- 
esting are the Asclepiadeag whe,re tliese relations, . how- 
ever, can only be explained w,ith .the aid' of .nuinem^ 
figures and prolix descriptions. 

The mechanism for the avoidance of selt-fertilisatioii 
and for the ensuring of crossing, between diflerent .flowers 
of the same .species is unusually elegant and easily coin-, 
prehended in the case of Stdirn prakMsis ,(ih.e 'Meadow 
Sage) and some other species of , this genus. Fig. 4.52 A 
shows a flower of this species, seen fi'Oni tlie .side, » 
being the bilobed receptive stigma, and tlie of 

one of the two’ stamens being indicated by means of a,, 
dotted' line within the upper lip of the corolla. If a 
needle is pushed in the direction ,of the , .arrow itito-tl,i.e 
throat of- the flower, both the stamens spring forward 
as at A a. If a Bee does the same widi its proboscis, 
striving to obtain ■ honey thence, the tieliiscing anthers 
strike it on the back and there deposit polleii 
a definite spot; on the insect coming i,ii t:o the saine: 
position on another flower, it rubs its polleii-latlen back 
against the stigma and pollinates it. Tlie cause of the 
springing forward of the anther is sufficiently clear from 
Fig. 4^2 B; here are shown the short true filaments// fixed by their !)a.ses on 
to the sides of the throat of the flower, and supporting the long coniieclives r.r, 
which can be swung to and fro about the points of aitachment. C )nly the iip|)er long 
thin arm of each connective r bears a half-anther a, the lower short arm at .r 
being devoid of any anllier, and so connected with tliat of the oilier stamen, that the 
two together form a sort of lounging-chair. If then ilic hoiK^-seeldng proboscis 
of a Bee strikes this apparatus in the direction of the arrow, the short arm of 
the connective is driven down and the upper arm c is moved forwards. 

The impossibility of self-fertilisation In Vib/m /rmdor depends upon mechanical 
arrangements of quite a different kind. Fig. 453 A and £ illustrate Ihe posiiioii and 
arrangement of the floral parts in this case. The base of the flower m invested by the 
floral leaves, and completely filled up by the anthers and the ovain' which they surround, 
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with the exception of the saccate appendage (spur) of the lower petal, in which the 
nectar excreted by the appendages of the two lower stamens collects. The entrance 
to this nectary thus situated behind the sexual organs is only accessible through a 
deep furrow beset with hairs, in the lower petal; the lateral and upper petals 
converge in front of the ovary surrounded by 
the anthers, and over this channel in such a 
way that the entrance is quite blocked by the 
head of the stigma n (in B). This head is 
situated on a flexible style (gr in C) and is 
hollow, and it opens by means of a hole turned 
towards the hairy channel on the lower petal : the 
posterior lower margin of this opening is provided 
with a lip-like appendage. The anthers dehisce 
spontaneously, and the pollen collects below and 
behind the head of the stigma, and forms a 
yellow dust between the hairs of the channel 
mentioned above. An insect carrying pollen 
from another flower on its proboscis, pushes the 
latter beneath the stigma -head, through the 
channel and behind into the nectary in order to 
suck the honey; by this means the foreign pollen 
hanging to the proboscis is wiped off on to the 
lip of the stigma -bead, and it at once sticks 
to the viscid stigmatic fluid filling the cavity 
of the stigma -head, and subsequently sends 
its pollen-tubes down the canal of the style. 
iMeanwhile, as the insect is sucking the nectar 
in the spur behind, the pollen of this flower 
lying in the canal behind the stigma-head be- 
comes attached to the proboscis, and when the 
latter is withdrawn this attached pollen does 
not come in contact with the stigmatic fluid, 
because the lip is drawn forwards by the move- 
ment of the proboscis, and covers the opening 
of the stigma- head from behind and below. 

The pollen which it takes with it from this 
flower is then wiped off in the manner already 
indicated (by the pushing in of the proboscis) 
on the opening of the stigma -head in another 
flower. Jf the insect were to insert its proboscis repeatedly into the nectary of 
the same flower the pollen of the latter would thus come into the opening of its 
own stigma; but insects, as Hildebrand noticed, generally do not do this (and 
the same elsewhere) but only enter once, suck the nectar, and then visit another 
flower. It is easy to imitate the manipulations of the insects, and to fill the stig- 
matic cavity with pollen (from its own or another flower) by pushing a sharp thin 
needle into the channel under the stigma-head and then withdrawing it. 



Fig. 45;?.— tricctor, A longitudinal 
section of flower {nat. size). £ the freed ovary 
and anthers, the fonner already fertilised, 
and swollen ; the filaments are ruptured and 
the anthers carried forward by the growing' 
ovary. C the capitate stigma with its opening 
0 and Hp Ip ; gr the style (magnified), /sepal ; 
Is appendage at base of sepal ; c petal ; cs 
hollow spur of the lower petal — it acts as a 
receptacle for the nectar -Ifs the appendages 
on the two lower staniens—they project into 
the spur and according to Hildebrand secrete 
the nectar, a anthers ; « stigma; w bract on 
flower peduncle. D transverse section of 
ovary with three placentas sp and the ovules 
sk. B transverse section of an iiimiature 
anther. 
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The adaptations for cross-pollination in most Orchids, as various as they are 
complicated and ingenious, have been described in detail by Darwin in the book cited 
above. One of the simpler, and, in its main features, commoner cases is presented by 
Epipactis kitifolia, and may be here shortly described. At the time wlien the sexual 
organs are mature/the flower, in consequence of a twisting of the pedicel, stands so 
that what is properly the posterior of the six perianth-leaves Iiangs forwards and 
downwards; its basal portion is deepened like a bowl and thus transformed into a 
receptacle for the nectar which it produces itself (Fig. 454 A 0* sexual 

apparatus, borne by the Gynostemium S (in C) projects obliqiiel}' over this 

nectary ; the stigma forms a disk wiih several 
lobes and is deepened and viscid in the centre, 
its surface being bent obliquely over the de- 
pression of the labeilum. ' Right and left, above, 
to the sides and beliinci the stigma, are situated 
■the -two aborted ■ glandular stamens .abovC' 
the stigma, hanging over like .. a roof, is the 
single fertile anther, which is, rather large and 
is in its turn roofed over by its, ■ custiion-like 
connective , The side-walls , of ilie . two' 
halves of the anther spring open loi'igittichiialfy 
to the right and. left, so that tlie pollen-masses, 
are partially freed ; the , pollen-grains are ' con-' 

. nected together.; by means', of a;..yiscid material 
In the 'middle', in, fro,nt,^ 0 'f.d.he..ainther;'''' aiicl; , above, 
the stigmatic'’sur,flice, is foiiiKi .'the .■■so-called,, ros-; 
tellum a peculiarly ' metamo^rphose'cl ■ .portion ■. 
of the body of 'the stigma (cf. J); the tissue 
of the rostellimi is converted , into 'a visciil sub- 
stance which is covered only l'>j a tlilii .inem-' 
brane. I'he flower of left ■ to ; itself 

does not get fertiliseci, for the pollen-masses ■ 
do not spoiitaneoiisly fell out of the aiiitiers, and 
even if they did would not come on to the 
stigmatic surface; they must be rcinovetl b}^ 
insects and transferred to the stigma of anotlier 
flowen . . The manner in whicli this is accom- 
plished "inay ' be rendered dear with the aid of 
a sharp-pointed lead-pencil On piisliing the 
point under the stigmatic surface in the direction of tlie base of llic labtdluin, ami 
then pressing it a little on the rostellum, and again wlttnlrawiiig it slowly, in the 
same position (2?), the viscid mass of the rosteliuin— die ad!’icsivtycllsc---reinains 
sticking to the pencil, with the adherent pollen-masses* These hitler are now 
completely extracted from the two anther-halves on the wiilidrawiil of the pencil, 
as shown in E and E* If the pencil-point together with the pollinia are again 
pushed into another flower in the direction of the base of the lahclhirm the pollinia 
necessarily come in contact with the viscid portion of the stigmatic surface and stick 



Fit.;. 454.— iatS/olux (an Orcltid). A 
long-itiidinal section of a flcnvcr.l >iid. JR ncwly-oj^cned 
flower after removal of the perianth except the label* 
luin /. C sexual apparatus after the removal of all the 
periantivlobes— seen from in front and below, P as 
B : the point of a pencil is inserted after the manner 
of the proboscis of an insect; F. and/-' jjencil-pojnt 
with pollinia attached, /'A" ovary ; / lalielhnn, the bajj- 
like depression of which functions a.s a nect.ary ; n the 
broad sti,irma ; nt tlie connective uf the one fertile 
anther ; p pollinia ; h the rostellmn ; ,v‘.v the two abor* 
tive lateral jjlatul-like stamens; tn.serthm uf the 
excised labclIum. A (in C) the .ifynostemiuni. 
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fast there ; on again withdrawing they remain fixed there, wholly or partly torn away 
from the pencil In virtue of the form and position of the parts of the fiower, 
then, an insect which settles on the anterior portion of the iabellum can creep 
down into the base of the nectary without touching the rostellum ; oh creeping 
out after sucking the nectar it strikes against it and takes away the pollmia with 
it. On creeping into a second fiower these pollinia come on to the viscid stigmatic 
surface and there remain fixed. In some other Orchids the relations are far more 
complicated. 

(3) In flowers which are pollinated by insects, the mature pollen must often 
remain lying in the already dehisced anthers for some time before it is removed ; 
during this period it must neither be dispersed by the wind nor moistened by rain or 
dew. Numerous and very various adaptations therefore exist for the protection of the 
pollen, further details as to which are given by Kernel* in his work ‘ Die Schuizmiiiel 
(Innsbruck, 1873). 
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THE OBJECT OF FERTILISATION. APOGAJtlY’. 

There are many plants which, like Mammals, Birds, and other highly organised 
animals, reproduce themselves exclusively in the sexual way because, in the normal 
course of life at least, no other mode of reproduction is open to them ; these com- 
prise the majority of the Conifers, especially the Firs and Araucariese, and among the 
flowering-plants probably also many Palms, pur cereals, Flax, Hemp, Gourd, and 
many others, and some are certainly to be found among the Cryptogams. 

The great majority of plants, however, have abundant opportunity of multiplying 
and reproducing themselves otherwise than by means of sexual organs. Among the 
Cryptogams indeed we may leave the spores proper out of consideration, since it is very 
generally the case that gemmse, conidia, or other segregating portions of the shoot are 
formed in the alternation of generations both before and after fertilisation ; and a very 
large number of Phanerogams, especially those provided with runners, bulbs, tubers, 
subaerial geminas of the most various kinds, for though they produce seeds regularly by 
the sexual mode, almost none of these ever succeeds in germinating. It is only here 
necessary to think pf the Potato, which has for hundreds of years continually been 
propagated by its tubers, and thus by the asexual mode. There are in fact, as 
we shall see, a somewhat Iaz*ge number of cryptogamic and phanerogamic plants 
which have in the course of time either entirely lost their sexual organs or have let 
them become functionless, but which, nevertheless, and sometimes in perfectly astound- 
ing numbers, multiply and propagate themselves ; and on the other hand, in 
some cases mth common ubiquitous plants, the development of sexual organs de- 
pends upon favourable conditions rarely met with, while vegetative propagation 
occurs abundantly. In addition to less known examples the commonest of ail moulds, 
Penicillium glatmmi, may be quoted as an instance ; and even in the case of the 
largest of all the Fungi, the Hymenomycetes and Gasteromycetes it is, according to 

^ The most important publications on Apogamy are: — 

Anton De Bary: ‘ Uber apogame Fame ttnd die Erscheiming dcr Apagamk im AUgemehu'fA 
(Bot. Zeitg., 1878). 

De Bary: ^ Beitrcige zur Morphologie imd Physiologic der Pihe'' (by De Bary and Woronin in 
Abhandlungen der Senkenbergischen naturforsch. Ges. B. XII, pp. 225-370, IV. Reihe, 1881, 
section 14, ^ Enistelmng und Wachsthumsursaehen mn Antheridim nnd Nebendstm^ is particularly 
worthy of note. * 

Strasbnrger: ^ Ober die Befruchttmg tind ZcUtheilmg^ Qmd., 1878, p. 63). 
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the view of the most prominent mycologists;very probable that they possess no sexual 
organs whatever. , , , 

The consideration of this fact, which we could easily make good by numerous 
otliei examples, leads directly to the question, what is the precise object which Nature 
attains by the production of sexual organs and by sexual propagation ? 

This question appears the more pertinent when w^e see, on the other hand, with 
what care (if this picturesque expression is allowable) Nature proceeds in very many 
cases to ensure the union of the sexual cells, and the production of sexually produced 
descendants: all the marvellous adaptations of Dichogamy, Heterostylism, Herko- 
gamy, and other arrangemenis, which we have studied with the aid of examples in 
the preceding lecture, may be looked upon in this sense. 

.IMeanwhile, as De Bary has already stated elsewhere, we shall probably have 
to concede that, as matter of fact, we simply know that fertilisation is in many 
cases demonstrated by experience to be an indispensable process to the plants 
concerned, in many other cases this is simply not so, and we have in the meantime no 
ground for assuming that all organisms must behave similarly in this respect. This 
somewhat unsatisfactory conclusion, however, does not prevent the assumption that 
in the many cases where reproduction is regularly attained by fertilisation, special 
advantages are connected with it, which in the contrary case are simply attained 
in some other manner, or perhaps in certain cases are even not attained. A few of 
such probable advantages may here be brought forward. 

Darwin, on the basis of the comprehensive results of the artificial breeding of 
animals and plants, has demonstrated to realisation the idea already expressed by 
Sprengel, that in all sexual reproduction the chief point is to ensure the crossing of 
individuals of the same species, of which detailed illustrations have been given in 
the preceding lecture. It also results from the experimental investigations of Darwin, 
Hildebrand, and others, that just as so-called incest among some domestic animals 
results in the production of few or feeble descendants, so also does the continued self- 
fertilisation of androgynous flowers, whereas in like species of plants the crossing of 
different individuals results in the production of vigorous seeds. Supported by Darwin's 
autliorit.}', one is now very ready to suppose that incidental abnormalities or diseased 
conditions are equilibrated by means of the sexual intermixture, and are rendered 
iminjurious in the descendants. In addition to some other considerations, mention 
should here be made, however, of the very large number of plants which certainly 
maintain themselves asexually through hundi*eds and thousands of generations 
without the slightest ground existing for supposing that they are gradually degene- 
rated by the process. 

On the other hand, we may here think of the fact, established by artificial 
hybridisation, that, by means of the sexual intermingling of individuals from different 
sources, the variability of the descendants is increased, and that in this way the number 
of the different organic forms may have gradually been multiplied : . though even here 
also it is not to be forgotten that the formation of varieties sometimes occurs also 
during asexual reproduction ; at any rate the majority of the varieties of Potato have 
probably been produced asexudly. 

And nevertheless in all the suppositions there again exists the perception that, with 
increasing complexity of organisation both in the animal and vegetable kingdoms, the 
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sexual organs become more and more developed, and the sexual reproduction 
gains more and more over the vegetative, or even becomes the predominating 
one. It would be possible to believe that with increasing perfection of the 
organisation a corresponding division of physiological labour also is given, by 
which the vegetative mode of reproduction is limited and the sexual one simply 
promoted. 

I may hnaily notice yet another observation, which I have already expressed in 
my f Textbook ’ (Ed. IV, p. 877). Those Cryptogams which possess pronounced 
alternation of generations, particularly the Mosses and Vascular Cryptogams, although 
in other respects beiongingto entirely different types, nevertheless illustrate repeatedly 
and in every class the fact that the highest development of the organisation is ahvaj^s 
attained only by means of fertilisation. In the case of the Equisetuins, Ferns and 
Lycopodiacese this is at once obvious on remembering that the first generation pro- 
duced from the asexual spore, the prothallium, is usually a minute, very simple, and 
transitory structure, the life and importance of which are closed with the fertilisation 
of the oosphere; whereas the embryo, originating from this act of fertilisation, de- 
velopes into a highly organised plant, a Tree-fern, for instance, &c. In the case of 
the Mosses, it is true, matters are different, in as far as here it is the generation which 
has originated from the asexual spore itself which w^e are in tlie habit of regarding as 
the proper plant ; but on comparing the forms of cells and tissues and the histological 
structure generally of the ‘Moss-fruit' produced by fertilisation with that of the i\Ioss- 
plant, there can be no doubt that the former is more perfectly organised than the 
asexually produced Moss-plant itself. In the case of the Algie and Fungi it is the 
same, although the fact is not so easily made out as in these cases. In those Fungi 
in which a sexual apparatus is known, the most perfect product of the whole de- 
velopment proceeds from the fertilisation. The asexual spore of the Ascomycetes 
gives rise to the very simply organised mycelium, and it is only after the act of fertili- 
sation on this that the Fungus-fructification with its complicated structure and high 
organisation arises (see Fig. 409, p. 726), and similarly may be said of many Algre ; 
even in the case where the result of fertilisation is only a single cell, an oospore or 
zygospore (zygote), this tends to exhibit, at least in the development of its wall-layers, 
a more perfect organisation than the vegetative parts of the same plant. 

Moreover the Phanerogams or Spermaphytes only apparently contradict the 
above observation ; in reality they confirm it in the most astounding manner. 
As w'-e have seen, the embryo-sac in the ovule is the true macrospore, in which the 
first structure to arise is what is termed the prothallium in the Vascular Crjq'/togams: 
the endosperm is a physiologically and histologically reduced and degenerated pro- 
thallium, of which, strictly speaking, only the oosphere and synergidse survive in the 
Angiosperms. What we designate generally the plant among the Spermaphyta is the 
sexually-produced product, which also here has sprung from the fertilised oosphere, 
while the preceding stage of development, corresponding to the protballium, no longer 
exists at all as an independent organism. 

In conclusion I may return to the phenomena of Apogamy alread}' referred to. 
With this word De Bary distinguishes the case, partly discovered by himself, wbere 
asexual reproduction occurs in the place of sexual reproduction : this may happen in 
very different ways — for example, by oospheres, w^hich under normal conditions 
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require fertilisation, proceeding to form embryos without it, of which the highly- 
developed Alga Chara crmiia affords the only established (first by Alexander Braun) 
example. This plant, which lives at the bottom of stagnant water, is met with 
throughout the whole of North Europe exclusively as female individuals, which, how- 
ever, and thus without fertilisation, yield abundant and normal germinating fruits. Male 
plants of this species are knowm as isolated specimens from Transylvania, the south 
of h lance, and the neighbourhood of the Caspian Sea, though their generative power 
has not been investigated. It is evident that Chara crinita^ like all other Charas, was 
formerly sexually propagated, and that the power to give rise to progeny from the exist- 
ing female apparatus even without fertilisation can only have appeared subsequently. 

To a second category belong three cases of Ferns, discovered and investi- 
gated by De Bary himself and his pupil Farlow, which have long been known as 
common garden plants, and possess the remarkable property of giving rise to new. 
Fern plants directly from the tissue 
of the prothallium by means of 
simple budding. In two of these 
Ferns {Pier is creiica and a garden- 
variety of Asplcniimi jilix-femma- 
cristahmi) no archegonia whateVer 
are developed on the prothallium, 
although antheridia occur occasion- 
ally. In Asplenkm falcatum^ on the 
other hand, there are found pro- 
thallia completely devoid of sexual 
organs and still capable of propa- 
gation by means of budding, as well 
as others wdth a few antheridia, and 
finally prothallia which bear anthe- 
ridia and archegonia, but neverthe- 
less give rise to the Fern by simple 
budding. There is still to be added 

that in the three Ferns mentioned maininjr stenle. The tissue » belongs to the micropyle portion of the 
this asexual propagation by budding 

from the prothallium is the only mode, and that no example of them was found 
with the embryo formed from an oosphere, whereas in very many other ferns 
which De Bary investigated with this object not a single one exhibited apogamy. 
All the facts considered, there can be no doubt whatever even in the case of these 
apogamous Ferns that the prothallia formerly gave rise to normal sexual organs and 
propagated themselves in the ordinary way, and that Apogamy, the loss of sexuality, 
was only, as physicians say, 'acquired' subsequently, and perhaps in this case 
it depends upon the fact that the three Ferns in question have been cultivated plants 
for a long time. 

A point worthy of notice in the case of the Ferns just mentioned is that the leafy 
shoot which really replaces the actual embryo, arises at that spot on the prothallium 
where the archegonia would be formed in the normal case. In this respect the cases 
of apogamy in some flowering-plants observed by Strasburger resemble them. In 
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Funkia omia 2 Jid Allium fragrans^ two common garden plants^ according to his 
investigations, no embryo is developed from the actual oosphere in the embryo-sac, 
not even when a pollen-tube may have happened to penetrate into the micropyle; 
but close to it ceils of the nucellus of the ovule grow out into the embryo-sac 
and embryos arise from these cell-proliferations. It is very probable that matters 
are quite similar in the case of the Orangertree also, and in the case of one of the 
Euphorbiace^e from Australia, Ccelehogyne, of which female specimens alone occur 
with us. In all these plants several embryos are produced in the interior of the cm- 
bryo-sac by budding from the surrounding tissue. 

Among the phenomena of apogamy are also to be counted those cases in the 
flow^ering- plants where, though fowers are developed, they are devoid of true 
sexual organs, or where no flowers at all are developed. Here again the plants in 
question are chiefly cultivated plants. Thus Muller designates certain ScitamineJB 
and Dioscoreae and also the Horse-radish (Ar7mracid) as entirely seedless, and De 
Bary remarks in this connection that also our (of course not cultivated) Fkaria 
and Deniaria hulMfera but rarely produce seeds ; among the species of the genus 
Allium (Garlic) there are several in which small bulbils arise in place of the 
flowers, and among these is also Allium sativum (the Garlic) in which no seeds 
whatever are developed. 

The view that such apogamous species are undergoing extinction is opposed, 
and correctly, by De Bary, with the remark that it is just among most apoga- 
mous plants that an excessive production of asexually produced descendants tends 
to occur. Sexual propagation is more than sufficiently replaced by asexual pro- 
ductivity. 
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The figures in large type refer to illustrations. 


A. 

JMes, 52T, 351, 465? 493- 

— cephalonicay 504. 

— excel sa^ 504. 

— pectinata, 146, 505. 

4 : 4 , 449 , 768 . 

Abnormal growing points, 

46S. 

Abnormal growth in thick- 
ness, 169. 

Abnormal growth due to 
parasites, &c., 368, 537. 
Abnormal types of growth, 
425- 

Absorbing organ of seedling, 
344- 

Absoi'ption by parasites, 372. 

— by. roots, 253, 255. 

— by root-hairs, 257, 262. 

— by roots as affected by 
temperature, 264. 

— in water plants, 248. 
Absorption of endosperm, 

373- 

— of gases by leaves, 255. 

— of light in chlorophyll,' 
322. 

■ — of liquids, 210, 274. 

— of nitrogen, 292. 

— - of nutritive materials by 
roots, 246, 264, 287, 395. 

— of organic nutritive sub- 
stances, 366, 374. 

— of organic substance, 298, 
368. 

— of oxygen, 395, 398. 

— of proteids by insecti- 
vorous plants, 374. 

— of salts by soil, 260. 

— of water by soil, 259. 

— of water by roots, 246. 

— of water by leaves, 254. 
Absorptive properties of 

soil, 261. 

Acacia, 285, S 9 Zi 59^- 

— lophantha, 594, 636, 637. 
Acanthaceae, 178. 
Acceleration of growth, 554. 


Accessory cells, 119, 

Acer pi atanoides, 180. 

— striatum, 166 . 
Acetabularia, 179, 335, 618, 

776, 777. 

— mediterranea, 604 . 
Acetamide, 384. 

Acetic acid, 328, 385. 

— fermentation, 386. 
Achimenes grandis, 582, 
Achlya, 98. 

Acid, acetic, 385. 

— butyric, 386. 

— carbonic, 386. 
formic, 384. 

— lactic, 349, 386. 

— nitric, 385. 

— oxalic, 384. 
phosphoric, 385. 

— salicylic, 385. 

— succinic, 348, 386, 

— - tartaric, 385. 

Acids excreted by root- 
hairs, 262. 

— fattyj 347. 

— vegetable organic, 328, 
329, 342, 384, 385, 403, 
566. 

— vegetable, turgescence 

due to, 328, 403, 566. 
Aco7iitum napellus, 34, 332, 
Acorn, 397, 763. 

144, 180. 

— calamus, 16 , 185 . 

Acropetal development, 418, 
468, 

— vegetative repetition, 467. 
Action of ferments, 343, 349- 

— of parasites, 368, 537. 

— at a distance, 772. 

— of sexual cells on one 
another, 767, 770. 

Active condition of plastic 
substances, 341. 

Activity of respiration, 399. 

— of roots, 264, 

Adaptation, 601. 

Adiantunty 63 . 

3 F 2 


Adiantum Capillus - Veneris, 
7^4:, 771 . 

Adonis uernalis, 641. 
Adventitious buds, 478, 479. 

— embryos, 802. 

— growing-points, 477, 480, 

— roots, 477. 

— shoots, 475, 477, 478. 

iEcidiomycetes, 370, 381. 
jEcidium Elat mum, 369, 

537- 

AEgilcps, 780. 

JLgopodium podagraria, 58, 

703. 

Aeration of roots in soil, 256. 
Aerial roots, 12, 14, 25, 522, 
533, 660, 693, 704, 711. 
^sculus hippocastamm, 44. 

— macrostachya, 399. 
jEthalium septicum, 83, 345, 

614, 

-(Ethylamine, 384. 
After-eifects, 560, 596, 597, 
626, 627, 629, 630, 635, 
638, 663. 

Agapanthus, 92, 

— umbellatus, 118 . 

Agarics, 571, 700. 

— phosphorescent, 407. 
Agaricus, 426, 427, 428, 

— campestris, 72 , 

— Gardner:, 407. 

— igneus, 407. 

— melleus, 367, 388, 407. 

— 7ioctilucens, 407, 

— oleareus, 407. 

— variecolor, 427 * 

Aga‘ve, 1 1 6, 148, 

— americana, 270, 550. 
Agnmonia eupatorium, 106 , 
Agrostemma Githago, 686. 
Ailanthus, 425, 478, 

— glandules a, 21 , 

161 , 289 . 

Air, composition of, 293. 

— in soil, 257. 

— in wood, 238, 267, 268, 
269. 


8o4''' ■' ■ 

Air in wood, contraction and 
expansion of, 270. 

56, 673. 

Albizzta lophantha^ 3 36* 
Aibumin, 333. 

Albuminates, 384. 
Albuminous substances, 79. 

movements of, 360. 

Alburnum, 163, 230, 330, 

344J.577, 579- 
AlchemiUa^ 278. 

— alpina^ 

Alcohol, 348, 349, 369, 386. 

— action on tissues, 208. 
Alcoholic fermentation, 349, 

386, 401. 

Aldro*vanda *vesicuIosa^ 
Aieurone-grains, 77, 334, 
335, 341- 

Algse, I, 90, 114, 120, 126, 
155, 199, 383, 288, 299, 
302, 3^1, 312, 321, 324, 
331, 335, 347, 351, 364, 
' 365, -371, 387, 391, 419, 
427, 432, 435, 437, 438, 
442, 454, 455, 471, 479, 
483, 484, 491, 499, 510, 
512, 563, 603, 604, 6rr, 
618, 654, 767, 769, 775, 
787, 788, 789, 800. 

^ apical-cell in, 452. 

— branching of, 473. 

— cellular structure of, 77. 

— epidermis of, 121. 
fertilisation of, 108. 

— growing points of, 460. 

— growth ot* 425, 429. 

— non-cellular, 70, 425, 

491, 732, 734, 776. 

— nuclear division in, 106. 

— reproduction of, 721, 722, 
724-728, 732, 734, 736, 
742. 

— roots of, 29, 31, 255. 

— sexual reproduction of, 

■ ■728.' ■ ' 

— shoots of, 54, 65, 69. 

— tissues of, 1 4 9, 1 5 1. 

AlUma plantago^ 51, 442. 
Alismacese, 18 1, 

Alkalies, 79, 253, 342. 
Alkaline earths, 253, 
Alkaloids, 172, 175, 328, 

362. 

AlHiim, I4S, 177, 231, 534, 
■546. 

— atropUrpureum^ 543, 544, 

686 . 

— Cf/>^,45, 62,86, 180. 

-43, 180,310,543, 544, 

— fistula 180. 

— fragrans, 802. 

— odorum^ 104. 
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Allium Porrum) 543, 544. 

— rotundum, 546, 

— sativum ^ 802. 

— Schmmprasum, 74 , 146 , 
219 , 485 . 

Almond, 3 . 

— 326, 342, 347, 7^3, 781. 
A Inns f 124, 506. 

Aloe^ 55, 1 16, 141, 148, 270, 
496, 534. 

— serrata, 496 . 

Alpine Rose, 123. 

Alsine, 640. 

Alterative ferments, 342. 
Alternation of generations, 
724-726, 734, 739, 748, 
800. 

Althmuy 125, 126, 792. 

— rosea, 180, 

80 , 100 , 122 , 123 . 

Amaranthus, 177. 

American Vines, 785, 786. 
Amaryllideae, 177, 178, 
Amides, 325. 

Ammonia, 381, 387. 

— absorption of by leaves, 
255. 

— rigor due to, 595. 

salts, 260, 292, 384. 

tartrate, 383, 386. 
Ammonium sulphide, 387. 
Amoeboid movements, 613, 
6'r4.;'' 

Amomum, 116. 
Amorphophallus hulbosus,4^0» 
Ampeiideae, 660. 

Ampelopsis, 56, 661, 662, 

— hederacea, 658, 668. 

667 . 

Amphicarpxa, 791. 
Amygdalin, 342, 

Amygdalus communis, 3 , 
Amyloplasts, 316. 

Amylum, 307. 

Anagallis arvensh, 781. 

— cmrulea, 781. 

Anatropous o\iile, 760, 
Atidrssa, 465. 

Androgynous flowers, 788- 
790. 

Androspores, 775. 

Anemone hepatica, 507, 

— nemorosa, 641. 

Angiopteris evecta, 14 . 
Angiospenns, 464, 745, 758- 

763, 780, 788, 789, 790j 
800. 

— embryology of, 764, 765. 

— and cryptogams con- 
trasted, 761, 766. 

>— and gymnosperms con- 
trasted, 757, 760-764. 
Animal-heat, 404. 

life, continuity of, 413. 


Anim al-respirat ion, 395,397, 
401, 406. 

Animals containing chloro- 
phyll, 298, 394. 

— correlation .of functions 
in, 508. 

— growth of 41,2, 4x3. 

— irritability in, 597, 600. ■ ' 

— reproduction of, 747, 755, 
798. 

Anisotropy, 493, 698-704, 

709,713,714- 

- — of 7 .1 0-7 12, 

— of Marcbantia, ^0% 710, 
712, 

— of non-cellukr plants, 
700. 

— and correlation of growth, 

■■ 704. 

— independent 'of morpho-'. 
logical nature of organs, 
700. 

Annual plants, 330, 4x4. 

— rings, 162, 230, .268,' 439, 
444 , 577 , 578, 579 - 

Annular vessels, 136. 

A nona . cheirimoim, 165 . 
Antagonism of heiiotropism 
and geotropism, 694, 
708,713. 

Anthemis chrysoloica, 405. 
Anther, 548, 651, 757, 760. 
Antheridia, 524, 732 ~ 734 , 
73 ^, 737 , 742, 772 - 775 } 
778, 788. 

— reduced, 749, 756. 
Antherozoids, 603-605, 60S, 

724, 730, 731, 733, 734 , 
737 , 742, 74 ^“- 7 , 50 , 768, 
770, 773 , 77S, 789- 

— development of, 770, 77,1 . 

— mother-cells' of, 737. 
Anthoxantlmm odor alum, 792. 
Anthracose, 786. 

Anthriscus, ^ 2 , 

Anthurhmi, 25. 

Anthuriian longifolium, 22. 
AntbylUs vulueraria, 48 , 

204 . 

Anticlines, 459, 440, 445, 
453, 454 , 457 , 458,4%, 
743 , 764. 

— In growing-point, 449* 

— in solid organs, 447. 

' — sequence of, 443. 

— suppression of, 442. 
Antipodal cells, 760. 
Antirrhinum, 780. 

— 782. 

A-nucieate plants, 107. 

Apex, 481, 482, 485, 530, 

— the region of slowest 
growth, 449, 457, 544. 

Aphis, 537. 
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Apical-cell, 95, 452,453, 454, 
458, 473,545)7+7. 

-—division of, 452,455. ■ 

— rarity of divisions in, 457, 

— significance of, 457. 

— tetrahedral, 447,456, 743. 
— 456. 

Apical cells, groups of, 458, 
462. 

Apios tuber os a y 672. 
Apocynaceae, 172. 

Apogamy, 769,798, 800-802. 
Apothecia, 707. 

Apparatus for measuring 
growth, 556-558, 561. 

— — 561. ■ 

Apple, 141, 367, 386, 

763,781. ■ 

Apples, fermentation of, 386. 
Apposition, growth.by, 413. 
Aquatic plants, 225, 404, 
511, 564, 660. 

Aquatic roots, 14, 23. 
Aqueous vapour, 228, 248, 
264. 

— ' in wood, 268., : 

Arablsj. 537. 

Araim^ 123. 

Araliaceae, i8r, 703. 
Araucarix, 798. 

Arbor vituif 4 . 2 , 
Archegoniata, 721. 
Archegonium, 465, 524, 525, 
732j 734, 736, 737, 738, 
742, 744, 747-749> 754 j 
755j 760, 772-774, 788, 
789. 

Arcyria incarnaia^ 83 . 

Area of leafesurface, 312, 

s^h 513* 

— of wood cell-walls, 241. 
Argemone mexicana, 175. 
Arillus, 7^. 

Aristolocbietp 220, 473, 548, 
569, 793? 793? 794- 

— Ciematitis^ 793 . 

— 792- 

— sip ho ^ 244. 

Aristolochieae, iSo. 
Armorach, 802. 

Aroideae, 125, 177, i79> 

279? 325, 406, 408, 473, 
478, 497, 498? 7<24* 
Aroids, 12, 114, 278, 461? 
470, 490, 545? <599* 

— roots of, 24, 693, 695. 
Arrested leaves, 55? 6r, 506., 

507. ■ ’ 

Artichokes, 576, 651, 652. 
Artificial cells, 215? 275. 

— cultures, 283, 286, 295. 

— selection, 329. 

Arum Italicunzy 406, 

Asarum, 51. 


Asarum Europmum, 47. 
Ascending sap, 156, 225,511. 
Ascent of water in root- 
stock, 276. 

in stem, 225, 253, 264. 

— — in stem, velocity of, 
235* 

Asci, 726. 

Asclepiadeae, 54, 17 1, 172, 
174? 789? 794* 

Asclepias, 174. 

— camosa, 669. 

Ascobolus, 726, 727. 

— furfuraceus^ 726. 
Ascogenous hyphae, 726. 
Ascomycetes, 391, 514, 726, 

727, 800. 

Asexual reproductive organs, 
724, 732, 740- 

— reproduction, 728, 770, 
798, 799? 802, 

— spores, 768, 769. 
Ash-analyses, 287, 290, 320, 

— - constituents, 79, 290, 
296, 313, 320, 355, 388, 

509* 

Ash-constituents of fungi, 

383. 

— of parasites, 372. 
Asparagin, 345? 355, 363- 

— as food for fungi, 384. 

— detection and reactions 
. of, 346. 

— disappearance in light, 
346. 

— importance of, 325. 

— metamorphoses of, 32 6, 
34^* 

— occurrence of, 347. 
Asparagineae, 55. 

AsparagttSy 6 ry 6 Ss, 

— asperySpz- 
'^ officinalis^ 6r. 

Aspects of vegetation, 702. 
Asphalt, 294. 

Asphyxia, 595. 

Aspzdium, i85j 

— FiHx^maSy 4 3 ? 40 ? ^ 29 , 
42 1, 478, 780. 

— 129 . 

— - spinulosunij 51, 780. 
Asplenium caudatutn, 478. 

— decussatuniy 478. 

478. 

— falcatum^i 801. 

— Jilix femina, 456. 

^ 80 i. 

Assimilating cells, 248. . 

— chlorophyll - corpuscles-, 
'3 i6 ., ; , 

— surface, 227. 

— tissue, 148, 535. 
Assimilation, 226, 250, 264, 

286, 289, 291, 293? 295, 


805 

296, 308, 309? 324? 3^4? 
366, 397, 4x1, 412, 508, 
510, 521, 579. 

Assimilation, apparatus for 
showing, 304. 

— chem istry of, 297, 514, 

317. 

— curve of, 305. 

— energy of, 311. 

— equal volumes of gases 
concerned in, 298. 

- — experiments on, 310. 

— intermediate products of, 

317. 

— rate of, 304. 

— specific energy of, 312. 

— a local act, 310. 

— and chlorophyll, 299,509. 

— independent of growth, 
300, 411, 412. 

— necessity of carbon diox- 
ide in, 3x0. 

— quantity of starch formed, 

312-314* 

— and light, 198, 294, 296, 
299, 301, 307, 309, 535* 

— in coloured lights, 304. 

— in electric light, 307. 

— in intense light, 311. 

— in insectivorous plants, 

575. 

— in Lichens, 392, 393, 

514- 

— products of, 299, 306, 
309, 314, 317? 318, 357? 

403, 533, 763- 

— chemical metamorphoses 
of products of, 323. 

Astragalus^ 371. 

— tragacantha, 57, 

Aiherurus ternatus^ 478. 
Atmosphere, composition of, 

293. ^ 

Atmospheric carbon, 292, 

294. 

— nitrogen, 291. 

— pressure, 369. 

Atriplex, 640. 

— hortensis^ 2^^* 

Attachment of root-hairs 

to soil, 257? 259. 
Attraction of sexual cells 
one to another, 737? 772- 
778. 

Autumn-leaves, 318, 319. 

- — wood, 162, 230, 268, 

578. 

Auxanometer, 55^? 557? 558. 

— 657 . 

Avoidance of self-fertilisa- 
tion, 787? 790? 19 h 794“ 

797? 799- , 

Axial longitudinal section, 
483. 
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Axillary buds and brandling, 
472? 473? 497? 499? 505? 
507* 

Axis of growth, 481, 483, 
484? 5 39? 545- 
JlzakaylSo. 

Azolla^ 4 61. 

■ ,• , B, 

Bacillarie^, 604. 

Bacteria, 245, 343? 347? 34^? 
3<59, 380, 383? 384? 385, 
386, 604. 

— cultivation of, 387. 

— forms of, 387. 

— pigment-, 387. 

— segmentation of, 387. 
Bacterium^ 387. 

Balanophora^ 368. 

■ — fungosa^ 28, 63. 
Balanophoreae, 63, 232, 368, 
372, 476, 765. 

Balsam, 124, 175, 179, 184, 
t99? 327, 695. 

Balsamic secretions, 185. 
Balsamine^, 640. 

Banana, 50, 130, 510. 
Barberry, 57. 

Barbula, 29. 

Barium, 383. 

Bark, 156, 166, 226, 246, 

574* 

— crevices in, 577. 

Barley, 343, 344, 345, 404, 

687. 

Barren flowers, 791. 

Basal growth, 419, 544. 

Base, 481, 482, 483, 520, 
Bassorin, 90, 180, 328. 

Bast, 131, 145, 159. 

fibres, 160, 163, 576, 

Bastards, 779. 

Bean, 56, 193, 217, 228, 262, 
263, 283, 284,286, 300, 
309, 314, 327? 334? 337? 
339? 397? 531? 539? 5^4? 
5S1, 584, 635, 626, 631, 
<533? 636? ^38, 659, 640, 
644, 645, 669, 671, 672, 
^91? 704, 759? 7^3* 

^ 542, 6S1, 690, 764. 
Beech, 164, 229, 2 88, 493, 
506, 5T0, 536, 763. 
Beer-yeast, 385, 386. 

Beet, 24, 314, 335, 343, 357, 
363? 5<54? 571? 57^* 
Beggiatoa, 387. 

Begomay 148. 

— 310, 489. 

€ucullat€jy 3 1 5. 

' — ' r£x, 582. 

Berberis, 57, 201, 396, 595, 

647, 654. 


Bertholleiia excelsay 3 34. 
Betula albay 168. 

184. 

Bigmniay 660, 662, 7^9* 

— capreolatay 66%. 

Bilateral structure, 485, 489, 

490, 493? 494? 504- 

— — - induced by light, 525, 
Bindweed, 56, 548, 640, 657, 

669, 670, 671, 676. 
Biology, 602. 

— of tendrils, 667. 

Birch, 165, 266, 270. 

Bitter almonds, oil of, 342, 
Bituminous substances, 294. 
Blackberry, 657. 

Black Poplar, 703, 
Bladder-Senna, 759. 

Bleeding of wood, 266, 270. 
Biending of parental charac- 
ters in hybridisation, 779, 
782. 

Blood-vessels, comparison of 
latex-vessels, &c. to, 361. 
Blue bacteria, 387, 
Bindweed, 670. 

671. 

—•glass, 307. 

— light, 303, 306, 31 1, 638, 
696, 697. 

— wood, 163, 

BlumenbachtUy 675. 

— lateritiay 669. 

Bocconmy 172. 

Bog-mosses, 465, 

-t- -plants, 255. 

Boletus Jla'DiduSy 113. 
Boragineae, 123, 496, 497, 
Bordered pits, 137, 160, 237, 

424, 581. 

Bornetiay 335. 

Botrychrum LunarlayZl. 
Botrydiumy 32, 70, 76, 431, 

— gmnulatumy 4, 61 1. 

—• — 604. 

Bottle-cork, 165. 

gourd, 658. 

Bofwiea njolubiisSy 668, 670. 
Box, X63. 

Bracken fern, 60, 144, 146, 
462, 471, 699, 

Bracts, 473. 

Bramble, 58, 125. 

Branches, 330,677,699, 704, 
705, 714. 

— development of, 47 j. 

— experiments with cut, 
277? 278. 

— injection of water into, 

279* 

- — mechanics of, 580, 581. 

— of trees, 580. , 
Branch-systems, 471, 472, 

497. 


Branching, 460, 470, 473, 

477? 4^5? 492? 493* 

— axillary, 472 , 497 , 499 . 

— monopodial, 474. 
Brmska , 159, 283, 326. 

— napusy 546. 

— oleraceay 640. 

— RapHy 343, 560,791. ■ 
Brazil-nut, 334. 

Brightness, curve of, '305. • 
Brotasonetiay 790, 

Brown leaves, 321, 
Mru^mammy 370. 

—'371. 

— ZsppeUsy 66 , 

28 . 

Br^wiiay 6 5 8, 

— diokuy 57, 659, 663, 
Bryopbyilum 'caiycmumy 478. 
Brropmy 84, 108, 335, 611, 

6X2. 

Bryumy 788. 

• — rosfumy 113, 150. 
Bubble-counting, method of, 
304. * . 

Buckwheat, 193, 283, 549, 
596. 

Buds, 41, 186, 309, 326, 

333, 35n 359? 399? 405? 
411, 418, 422, 464, 472, 
476, 481, 483, 4S6, 487, 
494? 49S? 499? 504? 5^7? 
530, 535? 544? 547?^ 549? 
565? 706, .714* 

— adventitious, 478. 

— axillary, 473? 5^5? 507* 

— dormant, 475. 

— extra-axillary, 473, 

— pseudo-endogenous, 475, 

479. 

— unfolding of, 347. 

- — from prothailia, 801. 
Bud-scales, 464, 506, 507, 
508, 

Bulbils, 477, 478. 

Bulbs, 43? 59? 312, 

32*^? 330? 332? 335? 343? 
350? 357? 404? 4^8? 

462, 478, 534, 565, 722, 

798. 

Bulb-sscaks, 335, 357, 
Butomacc®, iSi. ■ ' 

Butomus umbeihiiiSy 758, 760. 

75 a 

Buttresses on tree-trunks, 

579? 5S0. 

Butyric acid, 386, 

— fermentation, 386. 

Muxusy 321. 

Bye-products, 362. 

C. 

Cabbage, 159, a 28, 364, 278, 
283, 640. 



Cactacesej 780. 

'Cacti, 510. 

^ — shoots of, . 54, 64, 160, 
527. 

Cactus^ 149, 159, 180, 

203, 227, 301,; 325, 472. 
CjEsium, 383., 

Cajophora lateritia^ 121 . 
Calamine, 288. 

C^ilmnm, 180, 657, . 
Calcareous skeletons, 290. 
Calcification, 290. , 

Calcium carbonate, 178, 

— oxalate, 167, 175, 177, 
291, 320, 388. 

» — salts, 202, 226, 262, 284, 

, 287, 289, 29X, 58'3. „ 

— sulphate in metabolism, 

325- 

Calendula, 643, 

CniJa ^'■Ethmpka^' 278. 

Callus, 424, 582, 583. 

— - of sieve-tubes, 36 x. 

Calyptra, 734? 73S- 

Galyx, 757. 

Cambium, 44, 155, 424, 437, 

439? 445? 477/ 

— • iascicular, 157. 

— of roots, 168. 

---ring, 157, 42^, 574, 582. 
Camelim^ 146, 178, 397. 

— « japonka^ 147 . 

Campanuiaj T , 
Campunuiacese, 171,173,792. 
Canal-cells, 737? 742? 773- 
Cane-palms, 657. 

sugar, 335, 341? 343? 357? 

3^3? 3^6, 390. 

fermentation of, 342, 

349- 

Canna^ x8r, 510, 316, 339. 

— indka^ 791 . 

Caoutchouc, 172? i75? 3^2. 
Capillaries in wood, 238. 
Capillarity, 208, 243, 268, 
Capiliitinm, 429. 

Capitate hairs, 184* 

Caps fi la hirsa^pastorkj 765 , 
Caraway, 576. 
Carbo-hydrates, 175? 25a, 
308, 5x7? 325? 326, 329, 
346, 56X, 382, 400, 403* 

— as reserve materials, 332. 

— destroyed in respiration, 
402* 

- — fermentation or, 342, 349* 

— in parasites, &c., 372. 

—-storage of, 335* ^ 

. — metamorphoses of, 311, 

Carbonaceous substances m 
parasites, «^c., 372. ^ 

^ food of Fungi, 384. 
Carbonate of lime, 179, 290. 
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Carbon, 216, 290, 312, 324, 
382, 400, 403. 

— sources of, 292, 294, 384. 
compounds, origin of, 

325. 

destruction of, 403. 

— -dioxide, 203, 248, 264, 
282, 292, 301, 317, 384, 
366, 381, 403. 

— amount respired, 398, 399. 

— decomposition of, 296, 
298, 299, 303, 309. 

— effect of high percentage, 

311* 

— essential to . form starch, 
311. 

— evolved in germination, 
397. 

— exhalation of, 397, 401, 
402. 

— germination in absence of, 

326. 

• — in air, 293, 294, 

— local assimilation of, 310. 

— necessary for assimila- 
tion, 310. 

— of respiration, 397. 

— rigor due to, 59 5. 

— volumes absorbed, &c., 
297. 

Carbonic-acid, 386. 

in soil, 263. 

— oxide, rigor due to, 595. 
Cardamine pratensisy 478. 
Cardinal points of light, 302. 

— of temperature, &c,, 193. 
Cardiospermum, 658, 661. 
Car duns y 651. 

CareXy 59. 

Carkapapayay 159, 172, 345, 
362.- .■■■■ ■■ .. 

Car Una acaulisy 588. 
Carmkhaeliay 55. 
Carnivorous plants, 367. 
Carpel, 497, 758- 
Carpellary leaves, 758. 
CarplnuSy 186. 

Carpogonium, 726. 

Carrot, 24, 343. 
Caryophyllaceae, 780. 
Cascarillay 180. 

Catalpay 51. 

Qatharinea undulatUy 67, 734 * 

785 . 

Caulerpay 7 ®? 7 ^? 84, 108, 

365? 425? 431? 471? 492? 

495 * 

— crassifoUay 426 , 47 0 , 492 . 

Caulinevascuiarbundles, 126. 

Causal relations of growth, 
502. 

Cause of geotropism, 681- 
683, 697. ^ 

— of heliotropism, 697. 
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Causes of growth, 563, 565. 
Cavities of wood, 238. 

Cell, 73? 1 3! 2, 43®? 433? 482, 
678, 728. 

— -aggregates, 77. 

— -chambers, 76, 94, iii. 
colony, 73. 

contents, 77. 

abnormal, 319. 

development, 94, 422. 

— -division, 94, 97, roi, 105, 

■ 107, 422, 431? 434? 435? 

449? 452, 454? 743* 

in filamentous organs, 

453. 

— — independent of physio- 
logical nature, &c. of 
organs, 433, 435. 

laws of, 434, 435? 454, 

503. 

rarer in apical-cell than 

in segments, 457. 

relations to growth, 

43^? 435? 437? 447? 449? 
453? 502, 577. 

families, 483, 604, 729, 

730. 

• — multiplication, 94, 433. 

plate, 105. 

republic, 73. 

sap, 77? 312, 319, 328, 

341? 4x9, 563? 564-5^9? 
573? 581. 

proteids in, 333. 

skeletons, 319. 

wall, 73, III, 2X2, 242, 

289, 290, 309, 413, 4x9, 

423, 563-565, 567-569, 
572, 638. 

crystals in, 177. 

elasticity of, 566-568, 

<553-^55. , , ^ 

filtration, through, 276, 

^53? ^55. 

imbibition of, 308. 

pits in, 92, 257. 

structure of, 91. 

sculpture of, 93. 

thickening of, 92, 423. 

walls, directions of, 432, 

438, 439-459* 

pierced by Fungi, 3904 

of wood, area of, 241. 

Cells, artificial, 215. 

— assimilating, 348. 

— daughter-, equal in vo- 
lume, 434. 

— groupings of, 436, 438, 
447? 503, 577* 

— growth of, 78, 96, 432, 
432, 437? 563? 565. 

— isolation of, 75- 

— of wood, 238, 459. 

volume of, 239, 
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Cells, Traube^s, 215. 

volume of, 422, 563. 
Cellular structure, 73, 77 - 
<— plants, 126. 

— tissue, no. 

Cellulose, 87, 206, 290, 323, 
335 ) 357 ) 389) 422. 

— degradation of, 328, 

— as reserve-material, 344. 

— in Fungi, 385. 

— starch-, 339. 

Celtid^, 714. 

Celtzs^ 177. 

Centaurea^ 201, 651, 

— jacea, 652, 

651 . 

Central cell, 754, 773 - 775 * 

— ovule, 465. 

Centrifugal force, 682, 683, 
707, 708. 

Cephalanthera grandiflora, 
791. 

Cephalaria leucantha, 214 , 
588 . 

— pro€era,SM- 
Ceramium, 355. 

Ceratopteris, 455. 

— 455 , 

Ceratonia siliq^ua^ 88. 
Ceratophyllum^ 297. 
Ceratopterls t halictr aides ^ 478, 
525, 772, 774. 

Ceratozamia langifoUa^ 756 . 
Cer CIS canadensis^ 714. 

Cereus^ 54, 159, 472, 780. 

•! — senilis^ 178, 

— speciossissimtis^ 780. 
Cestrum roseum, 279. 

Cetraria Islandica, 707, 
Chmtomorpha aerea, 6ri. 
Chalk-skeletons, 290. 
Chamomile, 505. 

95, 320, 606. 

— apical cell of, 96 , 453 . 

— cell-division in, to 6. 
Charace^, 32, 85, 95, 432, 

453 , 454 ) 47 h 545} 

— apogamy ot, 788, 789. 
Char a 'crimta^ 801. 
Cheilanthes^ 186. 

Cheiranthus Chelrlf 121 . 
ChelidGnium, 172, 1 7 4. 

— majusj 175. 

Chemical action, curve of, 
305. 

— analysis, 2 88. 

— changes in germination, 
328. 

— changes due to Fungi, 369, 

— compounds, 206. 

— — ,m soil, 261, 287. 

— forces in the plant, 202. 

— influences, rigor due to, 

595. 


Chemical light -rays, 301, 

— metamorphoses of pro- 
ducts of assimilation, 323, 

— processes in assimilation, 
297 . 314 ) 317 * 

— processes in chlorophyll, 

315* 

ChemistryofchlorophylI,32 1, 

— of respiration, 402. 

— of starch, 339. 
Chenopodiaceae, 465, 640. 
Chenopodmm quinoa^ 124 . 
Chermes ^vlridls^ 537. 

Cherry, 90, 147, 763. 

gum, 180. 

^stone, 218. 

Chestnut, 334, 493. 

Chickory, 24. 

Chllomonas curvaia^ 613. 
Chinese galls, 537. 
Chloranthy, 537. 

Chlorides, 202, 284, 287. 
Chlorine, 383. 

— absorption of by leaves, 

253* 

— importance of, 286. 
ChlorococcuSy 433. 
Chloroform, rigor due to, 

595. 

Chlorophyll, 63, 64, 77, 85, 
194, 198, 226, 264, 289, 
294, 298, 324) 326, 375 ) 
378, 397) 510, 512, 756 . 

— the agent of assimilation, 
299 ) 309 ) 368, 530. 

— absorption of light by, 322. 

— in animals, 298, 394. 

— changes in, 319,321 . 

— chemistry of, 321. 

— chemical processes in, 315, 

— and configuration, 509- 

514* 

— consequences of its ab- 
sence, 368. 

— development of, 300, 533. 

— fluorescence of, 322. 

— functions of, 31 4, 318. 

— in Lichens, 393, 514. 

— in thin layers, 510, 51 1. 

— in swarmspores, 603, 604. 

— originofstarchin,309,3io. 

— plants devoid of, 367. 

— reactions of, 321. 

— spectrum of, 322. 

bodies, 85, 299. 

movements due to 

light, 6 1 7-62 1, ■ 696. 

— -cells, 148* 

corpuscles, 85, 148, 350, 

285, 296, 307 ; 309 ) 3t4) 
319, 326, 628, 633, 645. 

assimilating, 31^5. 

changes of, 320,. 


Chlorophyll-corpuscles, ^ 'de-; 
veiopoient of, 31 8; • 

— " from ■ amyloplasts, 

316. 

disorganization of, 319. 

division of, '318. \ 

— “ — first visible changes in, 
3^5. 

pseudo-, 3 r 7*. ■, ■ 

— ^ — starch in,. 338. ,■ 

plants, 366. 

Chlorosis, 285, 

Chlorotic leaves, 298. 
Chroococcacese, 107. 
Chysosplenlum^ 506, 
Chytrldkmi, 604, 611. 

■ — %mrax^ 612, 

Gichoraceae, 171, 173. 
Ckhorium Intybns^ 76 , 92 . 
Cilia, 604, 605, 613, 728-731, 
753 ) 734 ) 742) 770, 775 ) 

777. 

Cinchona^ 164. 

Cinnamon, 177. 

Circa^a, 536. 

Circulating proteids, 325, 
Circulation, 82, 615-617. 
Gircumniitation, 546, 547. 
60 , 371 . 

— 545 - 

— dis calory 662. 

Gistus, 185, 

Citric acid, 328. 

Citron, 183. 

Citrus y 177, 183. 

Cladodes, 55, 64, 511. 
Cladcnta furcatUy 392 . 

— pyxitatay 707. 

Cladopharay 35. 

Cladothrlxy 3 8 7. 

Clasping organs, 668. • 
Ciassificatioii of ferments," 

342. 

— of products of metabo- 
lism, 323. 

Claibrusy 

Clelstogamous flowers, 790, 
79^; 

Clematisy 56, 166, 220, 659* 

— yitkdlmy 46 , . 127 .. . ... . . 
Climbing leaves, 675. 

^ — organs, 658. 

— plants, 56, 513, 548. 

— shoots, 56, 483, 489, 525,' 
657# 660, 713. 

Closing of flowere, 399, 641* 

— of stomata, 249. 

Clover, 623, 627* 

Clusiacese, 183. 

Clustem of crystals, 177^ 
Coagula of latex, 17a, 

Coal, 394, 381. 

Co-axial organs, 451. 

CsAftf, 662# 
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Cobea scandens, 56, 660. 
Coco-nut, 218, 373, 375>763. 
Codmm, 154, 335. 

CcBlebogyne, 802. 

Coslobiastse, 76, 84, 108, 154, 
179, 2S0, 426, 430, 543. 
Coenobiuni, 728, 730, 731, 
Coflbe, 763. 

Coiling of tendrils, 661-665. 
Colcbicnm^ 332. 

— autumnale, 3S1, 641, 

Gold, rigor due to, 593. 
Coleochnite scut at a, 125, 484. * 
Coilemacess, 90, 
Collenchyma, 142, 216, 582. 
Coileters, 124, 186, 281. 
Cohcasm, 316. 

— antiquonmzy 278, 280, 
Coloured bacteria, 387. 

lights, 303, 696, 697. 

action onswarmspores, 

613. 

— solutions, experiments 
with, 235, 269. 

Colouring matters, 176, 180, 
399* 319? S20, 328. 
Colourless plants, 380. 
Colours of flowers, 320, 329. 

— of leaves in autumn, 319. 

in winter, 321. 

Columella, 739. 

Colutea, 623, 759. 
Combustion, 400. 

— of plants, 296. 
CQmmelyfzaceu:-^ 178. 
Commdyna bengalemh, 791. 

Cmkstk^ 07 . •• 

Commensalism, 34, 299, 392. 

— in animals, 394. 
Comparison between fertili- 
sation and ferment-action, 
768. 

— between growing points 
of Phanerogams and of 
Cryptogams, 458. 

— between Heliotropismand 
Geotropism, 692,694-696. 

— between irritability of 
plants and that of ani- 
mals, 597? 

— of latex-vessels to blood- 
vessels, 36 r. 

— between parasites and 
seedlings, 373- 

— of plant to machine, 190, 

590, 591, 601. ^ 

— between reproductive 
organs of plants and of 
animals, 747, 753?.79S. 

— between respiration of 
animals and plants, 406. 

— between tendrils and 
twining shoot-axes, 668, 
674, 675. 


Competition between organs, 
508, 509. 

Compositae, i8r, 335, 343, 
461, 498, 505, 572, 640, 
642, 650, 763, 792. 
Composition of atmosphere, 
293. 

— of latex, 362, 

— of light, 302. 

- — of plants, 206, 390. 

— of seeds, 290. 

— of soil, 263, 287. 

— of wood, 290. 

Compound hybrids, 784. 

— lejLves, 52, 490, 623, 626, 
629, 639, 640, 687. 

— starch-grains, 315, 337. 
Concentric starch - grains, 

316,338. 

Condensation of imbibed 
water, 210. 

Conditions of assimilation, 
295, 296. 

— affecting root - pressure, 
273- 

— affecting transpiration, 
246, 251. 

— of plant-life, 189, 299. 
Conductibility of wood, 343.' 
Conducting tissue, 773, 778. 
Conduction of heat in plants, 

404. 

— of water in wood, 230. 
Cone, 498, 499. 
Configuration, 420, 422, 515, 

516,528. 

— and chlorophyll, correla- 
tions between, 509-514. 

— changes in during growth, 
443- 

— and growth, relations be- 
tween, 450. 

— influence of environment 
on, 516, 537. 

Confocal structure, 451, 469. 
Gonidia, 722, 725, 769? 798* 
Conidiophores, 725. 
Goniferse, ascent of water in, 
230, 

— branching of, 473. 

— epidermis of, 122. 

— roots of, 23. 

— shoots of, 37, 55. 

— vascular bundles of, 44 * 

— venation of, 52. 

— resin passages, 181. 

— wood of, 237. 

Conifers, 143, 146, 155, 162, 

164, 177? 225, 329, 267, 
269, 300, 334? 368, 373? 
375? 388, 424? 472, 473? 
493? 506, 510, 530? 724? 
745? 746, 750-756, 757? 
798*. 


Conlum^ 52, 

Conjugatas-, 299, 324, 453, 
733? 737? 729? 768,789. 
Conjugation, 107, 725, 728- 

730, 772? 776? 777. 

Connective, 757. 
Constructive materials, 326^ 
329, 341? 355? 357? 363, 
411,412,508. 

^ — movements of, 355, 
359- 

Contact, as a stimulus, 190, 
503? 597? 6or, 602, 716, 
Contents of ceils, 77 . 

— of laticiferous vessels, 172. 

— of sieve-tubes, 32 5, 
Contextus cellulosus, rn. 
Continuity of embryonic 

substance,' 417, 502, 767, 
769? 770. 

— of animal-life, 413. 

— of laticiferous vessels, 173. 

— of tissues, 159, 457, 469, 
470,475* 

Contractile stamens, mea- 
surements of, 652. 
Contractility of protoplasm, 
613,654. 

Contraction on drying, &c., 
208. 

— of air in wood, 270. 

^ — of cortex, 575. 

— of oosphere, 776. 

— of tendrils, 665, 

Contrast between Angio- 

sperms and Gymno- 
sperms, 757, 760-764. 
Angiosperms and Cryp- 
togams, 761, 766. 

— between radial and dorsi- 
ventral structures, 493, 
704, 705. 

— between plagiotropic and 
orthotropic structures, 

493? 705. ^ , 

— between spores and seeds, 

753* 

Conwallaria latlfoUa) 51. 

Conversion of bilateral into 
orthotropic organs, 504. 
of bud-scales into leaves, 

507* 

— of embryonic into per- 
manent tissue, 466. 

— of growing - point into 
ovule, 465. 

— of permanent into em- 
bryonic tissue, 480. 

— of scale-leaves into foli- 
age-leaves, 536. 

— - of starch into sugar, 339. 

— oftubersintoleafy-shoots, 

504* 
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Convolvulaceae, i8o, 7 So. 
Gan^oI'vuIuS) 56, 657, 669, 
670. 

— - Scammontum, 180 . 

Cooling of plants by radia- 
tion, &g./ 40 4, 643. 

— — by transpiration, 553. 
Coprophytes, 366. 
Goralline^, 179, 290. 
Corallorhiza^ 62, 63, 367, 372, 

374- 

Cork, 45, 88, 156, 246, 583. 

— -cambium, 165. 

cells, 165. 

oak, T65. 

warts, 166, 168. 

Corm, 45. 

Corn-Bind, 657. 

Flower, 651, 686. 

Cornus, 166. 

Corolla, 625, 641, 651, 757. 
Corpuscles, starch-forming, 
309- 

Correlations of functions in 
animals, 508. 
of growth, 502-505? 5o7> 

508,512,765. 

— — and anisotropy, 704. 

— between chlorophyll and 
configuration, 509-5 1 4, 

— between leaves and bud- 
scales, 506. 

— between leaves and roots, 
512, 513. 

Corrosion-figures of roots, 
262. 

Cortex, 158, 230, 300, 312, 

320, 330, 335? 359? 422, 

470, 479? -574? 575? 579? 

582, 630. 

— contraction of, 575. 

— pressures and strains in, 
574? 575? 577-579? 580. 

— of roots, 1 69. 

--rays, 159. 

Corydalis cafva^ 789. 

— Cl 0 viculata^ 659. 

Corylus^ 186. 

' — column^ 51. 

— maxima^ 51 . 

Cotton, 125, 183. 

Cotyledons, 4, 332, 334, 357, 

373) 414) 505) 53i) *40) 
702, 752) 753, 764', 765. 
Couch grass, 59. 

Crassulaceae, 55, 148, 227, 
497. 

Creeping shoot-axes, 60,483, 
485, 489, 492, 522, 678, 
699. 

Crevices in bark, 577. 

CrocHS) 45. 

— 35I) 625, 641, 642, 794. 

n}ermSf 43, 


Cross-fertilisation, 787, 788, 

790, 799. 

Crown Imperial, 59, 61, 381, 
335) 35°) 596. 

— — 679 . 

Cnicibiiium^ 428. 

— njulgarcy 152. 

Cruciferae, 133, 177? 473? 

497? 588, 780. 

Cryptogams, 351, 365, 447, 
455? 458, 473? 492, 535? 
538, 633, 660, 789, 790? 

791, 798, 800. 

— hybrid, 780. 

— receptacles for secretions 
in, 171, 179- 

— ■ reproduction of, 722, 724, 

734? 74^? 753? 755? 75^- 
— ^ tissues of, 149. 

— and phanerogams, homo- 
logous structures in, 751? 
756, 761, 766. 

Crystallisation, 2 g6, 502, 516, 

591, 592. 

— of Inulin, 336. 
Crystalloids, 333, 334, 355? 

341- 

Crystals, 177. 

— ^ growth of, 412, 413. 

— in cells, 77, 291, 388. 

— in cell- walls, 177. 

— sphere-, 336, 

— unstable, 591-593. 

Cucumts Qhatey 782* 

— Melo Cantalupm^ 782. 
Cucurbita^ 52, 320, 326, 408,' 

483, 714? 763. 

— 140 , 435 . 

— Melo-PepO) 400. 

— PepOf 664, 

12 . 

Cucurbitaceas, 334, 360, 516, 
547? ^58, 660, 661, 757, 
762, 

Cultivated Vines, 785. 
Cultivation of Bacteria, 387. 

’ — of Fungi, 382, 

— of Yeast, 384. 

— of plants in nutritive so- 
lutions, 283,284, 286, 290, 
291, 295. 

— of plants in pots, 198. 
Cupressinese, 40, 166, 1 8 1 , 

758. • 

Curcuma^ 337* 

Curvatures, geotropic, 680- 
691. 

— heliotropic, 693, 694, 

— of motile organs, 629,630, 
632? 634. 

— of nodes, 687, 688. 

— of tendrils, 661, 663. 

— of tissues, 317, 

Curve, Draper’s, 305. 


Curve of growth, 551, 532, 
554? 555? 558? 562. 

— of temperature, 406. ■ 
Curves of assimilation, &c., 

195, 305. ’ 

Cuscuta, '27, 33, 63, 3:69, 372, 
373,670,675,765. 

— epHimm, 27. 

Cuscuteas, 368, 369, 373. 

Cut branches, experinieiits 

with, 235, 244. 

Cuticle, 47, 89, 1 16, 176, 246, 
329, 416. 

Guticular substance, 388. 
Guticularisation, 423. 

Gutin, 1 16. 

Cuttings, 5S2, . 

Cuvettes, 305. 

' Cyanogen compoimtls, 384., 
Cyanophyilum formmumy 51, 
Cyaihea Immyana, 130, 231. 
Gycad, 756. ' 

Cycadeae, r8i, 472, 506, 746, 
750? 751? 754"“75<5. 
Gycads, 143, 465, 547. 

Cycas revoluta^ 756, 757. 
Cynara, 651, 654. 

— ScoiymuSf 652. 

Gynareae, 647, 650, 631, 654. 
Cyperaceae, 176, 

Cyperus, 219 . 

Cystoliths, 17S. 

Cytisus Laburnum^ 782 . 

— purpureus^ 782 , 

D. 

Dahlia , 24, 309) 335> 557, 
461, 559. 

— 140 , 247 , 491 , 569 . 

— variabiiis^^ 90, 315, 336. 

Daily periodicity, 199, 625. 
of floral movements, 

642. 

of growth, 55S-560. 

of leaf - movements, 

&c., 625-627, 633-638. 

of root-pressure, 273. 

of tissue-tensions, 575. 

Dandelion, 572, 574. 

Daphne^ $06, 

Darkness, development of 
- flowers in, 534. 

— disappearance of starch 

in, 309. 

— germination in, 336, 530. 

— growth in, 555, 519, 532, 

713- 

— rigor due to, 593, 628, 
635? 636. 

Date, 194, 230, 335, 344, 
357 ? 373 ? 375 ? 

— -palm, 689. 

Datura^ 186, 279, 780. 

Stmmomum^ x 30. 
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Daucus earota, 343, 
Daughter-cell, 95, 100, 433, 
434 , 452, 454 , 72S, 746. 
— - -Buclei, 104. 
Decomposition’ of carbon- 
dioxide, 296, 298, 299, 

303, 309* 

— of proteids, 402. 

— of rocks by Lichens, 392. 
~ of soil, 263. 

— of vegetable matters, <fec., 
294. 

• — of wood by Fungi, 389, 
Decompositions due to 
Fungi, 369, 381, 385. 
Deep-sea plants, 306. 
Definite growth, 465, 483, 
544 * 

Definitive form and size, 413, 
413, 420, 421, 423, 439. 
Degeneration, 7, 368, 
Degradation, 64, 65. 

^ — due to parasitism, 368, 
370. 

— - products of, 328, 329. 
Degraded reproductive or- 
gans, 723. 

— roots, 369. 

Deksseria sangumea^ 71 . 
Dentaria^ 506. 

— bulbiferay 802, 
Dependence of cell-division 

on form and growth of 
organs, 433, 435- 

— of geotropic curvature on 
growth, 679, 685, 688, 
691* 

— of plant-life on heat, 197. 

on light, 197, 301. 

on oxygen, 395, 403, 

■ .403-."' , . 

Depressed growing - points, 
461, 463, 474. 

Derivative hybrids, 784. 
Derived forms, 7. 

Descending sap, 156, 

Descent, 2, 10, 516. 
Desiccation, 211. 

— of soil, 258. 

— of spores, 352. 

— of wood, 242. 

Desmide^, 483. 

De^modium g^rans^ 624 , 

645. 

Destruction of organic sub- 
stance in respiration, 400, 
402, 

— of trees by Fungi, 388, 

Destructive action of Fungi, 
369. 

in wood, 388. 

Development, 413, 414, 419, 
524. 


Development, exogenous, 
475. 

— progressive, 467, 468. 

— at expense of reserve- 
materials, 327. 

— of growing-points influ- 
enced by environment, 
516, 523. 

— of organs at growing- 
points, 4^^, 4 ^ 5 , 4 ^ 7 , 
769. 

— of antherozoids, 770, 771. 

— of bark, 166. 

— of branches, 471, 475. 

— of cells, 94. 

— of chlorophyll,. 300, 318. 

— of chlorophyll-corpuscles, 
316. 

— of flowers, 497. 

— of flowers in darkness, 534. 

— of glands, 184. 

— of leaf, 425 r 468, 47 L 475 > 
506, 744. 

— of laticiferous vessels, 174. 

— • of plants in nutritive solu- 
tions, 286. 

— of pollen, 10 r. 

— of resin-canals, 182. 

— of root, 15, 418, 470, 476, 
522, 533, 744. 

— of shoot, 744. 

— of sporogonium, 738. 

— of starch-grains, 315,316, 
338. 

Dew, 278. 

Dextrine, 549. 

Dextrose, 343. 

Diagram of flower, 761 . 
floral, 488. 

— of geotropic curvatures, 
680 , 686. 

— of plant, 488 , 495 . 

— of root, 275 . 

Diagrams of growth and cell- 

groupings, 440 , 441 , 
443 , 448 , 450 , 451 , 
452 , 457 , 459 , 468 . 

Diameter of tendrils, 666. 

Dianthusy 780, 782. • 

^ caryophyllusy 

— chinenstSy 782. 

Diaphragm of macrospore, 

747 , 750. 

Diastase, 343. 

Diastatic ferments, 343. 

Diatomacese, 388, 483, 604, 
606. 

Dicentra thalictrvfoltay 661. 

Dichogamous flowers, 791, 
792. 

Dichogamy, 789, 790, 799 * 

Dichotomeae, 745. 

Dichotomy, 454, 473 » 

Diclinous flowers, 757, 790* 


Dicotyledon, 356 , 415 . 

— ascent of water in, 230, 

— flowers of, 757. 

■— glands of, 184. 

Dicotyledons, 44, 144, i 55 , 
160, 170, 239 , 373, 375, 

414, 4 ^ 8 , 4 ^ 9 } 424, 425, 

470, 47 L 472, 473 , 478, 
569, 581, 660, 689, 706, 
758, 760, 763, 765. 

— phyliotaxis of, 500. 

— receptacles for secretion, 
177. 

— reproduction of, 736. 

— secretion canals, i8r. 

— secretion vesicles in, 179. 

— vascular bundles, 134. 

— venation of^ 52. 

— wood, 162. 

Dictamnm, 548. 

— Eraxinellay 183 , 472 , 548 . 

— — 183. 

Dictyota, 454. • 

— 455 . 

— dkhotomay 474. 

Didymium feronoceunty 420 . 

— leucopusy 

Differences between organ- 
ised and unorganised 
ferments, 348. 

— between sexual cells, 768. 

Differentiation, 420, 423, 

437 > 470 - 

Diffusion, 212, 362, 363. 
Digestion in JDhnmay 376. 

— in Broker Uy 378. 

— in Nepenibesy 379. 
Digestive fluids in insecti- 
vorous plants, 377, 379. 

— glands, 186, 378. 

Digitally 271, 780, 782, 793. 
Dimorphic flowers, 790. 
Dicecism, 788, 789, 
Btonmayil^y 376, 597 - 

— muscipulay 376, 650, 655. 

375 . 

Diojcoreay 56. 

— batatujy 3x9, 672, 674. 

— Japonicay 674. 

Dioscorese, 802. 

Diosmosis, 211, 362, 363. 
Dipsacusy 572, 597. 

— fullonumy 498, 543, 

498 . 

Directions of cell-walls, 432, 
438, 439 “ 459 * 

— of growth, 698. 

— of twining, 668, 669. 
Directive action of gravita- 
tion, 678, 

of light on chlorophyll- 

corpuscles, 617-621. 

of light on leaves/ 

621. 
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8ia 

Discontinuous variations in 
growth, 551, 552. 

Disease, 285, 289, 294, 301, 
531, 547- 

— -resisting Vines, 786. 

Disintegration of rocks, 264. 

Disorganisation of chloro- 
phyll, 319. 

Displacements of cell-walls 
during growth, 445. 

• — of leaves, 462. 

Disproportionality between 
stimulus and effect, 589, 
595> 597, 598. 

Distilled water, gerniination 
in, 284. 

Distribution of growth, 411, 
415, 437, 438, 544, 5<59, 
683-685. 

— of laticiferous vessels, 173. 

— of* resim passages, 18 r* 

— of water in wood, 241. 

Diurnal position of leaves, 

&c,, 625-630, 634, 635, 
636, 638, 646. 

Divergences, 499, 500. 

Dividing cells, form and vo- 
lume of, 434. 

Division of cells, 94, 97, loi, 
105, 107. 

laws of, 433, 434, 435- 

. — of chlorophyll-corpuscles, 
318. 

— of nucleus, 102-105. 

— ofpollenmother-cells,433, 
434- 

Dock, 186. 

Dodder, 675, 

Dolomite, 263. 

Dormant buds, 475. 

— condition of organs, 320, 
4ii>4t4- 

— periods, 341, 350, 534. 

— protoplasm, 402, 

Dorsi-ventra! and radial or- 
gans contrasted, 705. 

— organs, rolled up, 706,707, 
709. 

— shoot-axes, 455, 485, 713. 

— structure, 485, 489, 490, 
.491, 492, 493, 494, 496, 
499? 5o2> 524-527, 635, 
698, 704, 709- 

494 . 

Double flowers, 783. 

Dr aba ^verna, 791. 

Dracmna^ 51, 62, 130, 144, 
169, 230, 538, 571. 

— 170 , 231 . 

Drainage, 256. 

water, 259. 

Draper's curve, 305. 

Drooping, 215, 2a8, 233,244, 
254> 358, 264, 56.7, 


JDrosera, 124, 378, 655. 

— rotundifoiza, 377. 
Droseracess, 376. 

Drought, rigor due to, 595. 
Duckweed, 122, 619. 
Duramen, 163. 

Dwarf-males, 775. 

E. 

Echinocactus, 54, 472, 780. 
Effects of fertilisation, 768, 
■—of injury, 504, 507. 
Elmagnus^ 124. 

Elasticity of cell- walls, 566- 
568. 

— of stems, 234, 589, 599. 

— of tissues, 219. 

Elaters, 741. 

Elder, 77. 

Electric-currents in Dton^xa^ 
&c., 650. 

light and assimilation, 3 07. 

Electricity as a stimulus, 6 1 7, 

654. 

— effect of, on plants, 190, 
201,601. 

— rigor due to, 596. 
Elements composing plants, 

290. 

Elimination of geotropism, 
683, 694, 705, 716. 

— of heliotropism, 705. 

Elm, 165, 489, 714. 

Elodea^ 297, 311. 

Elongation of cylinders of 

pith, 572, 573. 

— of organs, 414, 417, 419, 
420, 422, 424, 440, 461, 

53.9, 563, 570. 

Embryo, 332, 344, 373, 414, 
435, 443, 473, 484, 538, 
563, 737, 742, 743, 744, 
747, 748, 750, 753-75^, 
760-766, 767, 800. 

sac, 465, 750-752, 754, 

755, 760, 7^3-766, 800. 

nucleus ot^ 762. 

Embryology of Angiosperms, 
764, 765. 

— of Equisetaceae, 743. 

— of Ferns, 744. 

— of Gymnosperms, 751, 
754-'75<5. 

— of Mosses, 737-739. 

— of Vascular Cryptogams, 
747-750. 

Embryonic condition, 411, 
414, 420, 424, 437, 439, 
461,539, 544, 563. 

— growth, 419. 

— substance, 447, 480. 

continuity of, 417, 502, 

767, 769, 770. 


Embryonic tissue, 112, 415, 
417-4I9, '422, ,423, 431, 
440, 445, 461, 466, 467, 
473, 477, 479, 480,, 482, 
502, 765, 770. 

Embryos, adventitious, ,802, 

— of parasites, 763, 766. 
Emptying of ■ leaves 'Jn 

autumn, 319. 

— of sieve- tubes, 361. 
Emptisa Muscx, iZi* 
Emulsifying ferments, 343, 

347. 

Emulsin, 342, 349. 
Emulsion-figures, 609, 61:0. 
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Emulsions, 175, 179, 182. ■, 
Endodennis, 143, 169, 358. 
Endogenous buds, 476. 
Endophytic parasites, 37 r. 
Endosmose, 2rr, 225, 243, 
250, '253, 275, 280, 363, 
5^5,566,5.73. 

Endosperm, 332,, 335, 343, 
■366, 373, 390, 538, 750, 
752-756, 762, 763, Soo. 
Energy of assimilation, 311,' 
312. 

— of fermentation., 386. 

— of irritable organs, 601* 

— of nerves, 600. 

— of respiration, 396, 397. 

— stored and freed by the 
plant, 199, 295, 403. 

Enfeeblement of sexuality, 
783. 

Environment of the plant, 
189, 515, 593, 594, 678.'- 

— influence of on growth, 
552, 554, 555. 

on origin, of growing-' 

points, 516, 523. 

— < — on post - embryonic 
growth, 516, 537. 

Epicotyl, 712. 

Epidermal glands, 175, 1S3, 
185, 378. 

— hairs, 44, 48, 132. 

— secretions, 184. 

— tissue, no, 113, 171. 
Epidermis, 45, 115, 159, 166, 

216, 226, 346, 288, 329, 
416, 420, 423, 470, 479, 
63x1633, 634, 645, 739. ■ 

— of leaves, 47, 97. 

— of moss, 149, 

— tensions of, 569-572, 574, 
582. 

Epikbkm^ 792. 

Epipactis latifoUa^ 796. 

Efipogoti, 62, 63, 372, 374. 

Epithelium, 183. 

Equilibrium of dilFusion, 363. 

— unstable, 591, 592, 597. 



Equisetaceas, 55, 178, 288^ 
418, 701. 

— reproduction of, 739, 742, 
743> 788, 800. 

JEqmsetum, 43, 62, 122, 149, 
475? 53^? 604, ,722, 724, 
,7.59-742, 744? 748, 751* 
-- 476v ■ ■ 

— ' apical-cell of, 452. 

— - armense, 739 . 

— — 48, 422, 748- 
— - h^emalej 418 . 

— iimasum^ 59, 741. 

— 740, 

— ■ pahsire, 59. 

— Telmateia, 739, 

— 740, 741, 743. 
Erection of shoot-axes, 686 ^ 

68 7. 

Ericacea:, 780. 

Mrodium grumum^ 2 1 1. 
Ether, rigor due to, 595. 
Ethereal oils, 124, 126, 175, 
3 c 83, 338, 362, 369, 386, 
403- 

Etiolation, 197, 289, 298, 300, 
309? 3^6, 353? 355? 5^4? 
53^? 533? 535? 5^0. 
Euikrina, 728, 73 1. 

— ekgafis, 730 . 

Eiiglenae, 604. 

Eupborbiaf 55, 174, 203, 3^1. 

— ca}iarie 7 isu , 55 . 

— Caput medusse^ 55. 

— cypanss'ms^ 369. ■ 

— gMosa^sS* 

— hdioscopla^ 488 , 
spkndens^ 174.' ■ 

Euphorbiacese, 171, 172,174, 
180, 203, 334, 362, 802. 
Euphorbium, 172. 
Euryakferox, 51. 
Evaporation of water, 227. 
Evolution of carbon-dioxide, 
397? 401, 402. 

— of oxygen, 195, 297, 303, 
306, 312, 397. 

Exalbuminous seed, 763, 764. 
Excentric growth, 439, 445. 

— starch-grains, 316, 338. 

— structure, 579, 580. 
Excreta, 175, 

— secondary uses of, 329. 
Excretion of acids by roots, 

262.' 

— of ferments, 344, 389* 

— of nectar, 281. 

— of water, 265, 266, 278, 
— ■ of water, 278. 

by Fungi, 280. 

Excretions, 172. 

Excretory organs, 175* 
Exhalation of carbon - di- 
oxide, 397. 
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Exhaustion of reserves, 284, 
336. , 

Exogenous development, 47 5. . 
Exosmose, 211, 281, 617. 
Expansion of air in wood, 
267,269,270. 

Experiments on assimilation, 
310, 353. 

— on correlation, 504-506. 

— on geotropism, 691, 

— on heliotropism, 693-695. 

— on respiration, 397, 399. 

— on sleep of plants, 625. 

— with coloured solutions, 
235, 269. 

235 . 

— with cut branches, 235, 
244,277,278. 

244 , 279 . 

— with lithium nitrate, 235. 

— with s warmspores, 6 1 1 . 
Expulsion of water from 

motile organs, 647-649. 
Extensibility of tissues, 220. 
External causes of growth, 

503- 

— conditions of plant-life, 
189. 

Extinct Horse-tails, 745, 
Extine, 761, 762, 
Extra-axillary buds, 473. 
Extrusion of latex from 
wounds, 361. 

F. 

Fagus^ 177. 

Fall of leaves, 319. 

False Acacia, 649. 
Fasciations, 505. 

Fascicular cambium, 157. 
Fats^ 77, 172, 175, 290, 310, 
326, 329? '3^7, j55, 357, 
361, 363, 382, 400, 402, 

403. 

— as reserve materials, 332, 
763. 

— in Fungi, 384. 

— origin of, 323. 

Fatty acids, 347. 

Fatty seeds, 334? 347? ^00. 
Female ccenobia, 731. 

— plants, 737? 742, 751* 

— prothallia, 742. 

— reproductive organs, 724, 
734? 736? 75i> 757, 769- 

Fennel, 181. 

Ferment-action, 342, 343, 
349? 387? 389* 

— -fungi, 347, 369? 382, 
402. 

Fermentation, 342, 348^ 382, 

385? 389* 

— acetic, 386. 

— alcoholic, 349, 386, 401. 
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Fermentation and fertilisa- 
tion, 768. 

— and oxygen, 386. 

— butyric, 386. 

— energy of, 3 86. 

— lactic, 349. 

— of apples, 386. 

— products of, 348. 

— by protoplasm, 349. 

— temperature of, 386. 

— .theory ofV 349. 

Ferments, 172, 175, 341, 

Sih 347, 348, 352, 373, 
376, 378, 379, 389. 

— classification of, 342, 343, 
348. 

— excretion of, 344. 

— — by Fungi, 389. 

— in seedlings, 343, 345, 389. 

— organised, 347. 

Fern, 13, 85, 129, 137, 156, 
421, 442, 446, 447, 455, 
456, 467? 471, 472, 478, 
492? 497? 510, 525? 547? 
608, 800. 

— 446 , 462 . 

— apical-cell of, 452. ■ 

— embryo of, 446. 

— epidermis of, 1 16, j 21. 

— leaf of, 455. 

— prothallus of, 458, 466, 
491, 619, 788, 789. 

— rainentaceous hairs, 125. 

— reproduction of, 722, 724, 
741^744? 747? 748, 772- 
775* 

— roots of, 31. 

— shoot-axis of, 45. 

— stomata of, 119. 

— vascular bundles of, 134. 

— venation of, 51, 52, 128. 

— -hybrids, 780. 

Ferns, 144, 178, 225, 300, 
425. 

— apogamous, 801. 

— ascent of water in, 230, 

— secretion vesicles in, 179. 
Ferrous salts, 285. 

Fertile shoot, 748. 
Fertilisation, 108, 726, 727, 

730? 731? 733? 734? 737? 

742, 750? 751? 752, 754? 

757? 760-764, 767, 768, 

771, 772, 779? 799« 

— as a stimulus, 537, 768. 

— compared to ferment-, 
action, 768. 

— definition of, 768. 

— effects of, 768. 

— object of, 798, 

— of Ferns, 772-775* 

— of flowers by aid of in- 
sects, 329, 535? 791? 793- 
797* 
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Fertilisation of Gymno- 

mmx. 

Flower, development of, 497. 

Formation of fats in Fungi, 

sperms, 755. 

^ of (Edogoniumy T7S, 

— diagram of, 761 . 

384.' 

— terminal, 465. 

— of proteids, 324, 346. 

— Peronosporeas, 777, 778. 

— typical, 756, 757. 

— of starch, 311, 315, 3x6. 

Fertilising substance, 726, 

buds, 397, 4 < 5 i, 463, 508, 

Formic acid, 318, 328, 384. 

15h 755, 7^0, 768, 770, 

534. 

Forms of dividing cells, 434. 

, ■ 773, 778. 

forming substances, 534, 

— of growing-point, 461. 

— tubes, 777, 778. 

535 - 

— of hairs, 122, 125. 

Fibres, 139, 160, 329. 

Flowering plants, 225, 724, 

— ■ of lichens, 393. 

— librifoi'm, 139. 

725, 750, 757 , 758, 7^0. 

— of reserve-materials, 332. 

Fibro-vascular strands, 12, 

Flowers, androgynous, 788- 

— of starch-grains, ,337, 

Jficarm^ 802. 

790. 

— of tisssue, no, 423. 

— ranuncuioideSf 43, 641* 

— cleistogamous, 790, 791, 

typical, X 15. 

Ficus ^ 1^2. 

— colours of, 320, 329. 

Formyl aldehyde, 318. 

— acuminata^ 50. 

— development of in dark- 

Fraunhofer’s lines, 303. 

— canca^ 354, 36s, 

ness, 534. 

Free cell-formation, 99, 106. 

465 . 

— dichogamous, 791,792. 

— nitrogen not assimilated. 

— elastica* 362. 

— diclinous, 757, 790. 

39 L 3S4. 

179 . 

— fertilisation of, 791, 793-* 

FreejEiog of plants, 192, 242.. ; 

« — reUgiosa^ 50. 

797 - 

FritUlarmy 424, 679. 

— scandensy ^6, 

— hermaphrodite, 757, 788, 

— imperiaitSy 78 , S 82 , 423 , 

Fig, 21, 345, 464, 467. 

— heterostylous, 792. 

564 , 679 . 

— 464 . 

— • mechanisms of, 791, 792. 

— impermUsy 2%iy 

F ilamentous organs, growth 

— periodic opening and 

F rog, intra-moleciilar re- 

and cell-divisions in, 443, 

closing of, 599, 

spiration of, 4or. 

453 * 

— protandrous and proto- 

Fructification, 726, 737, 740. 

432. 

gynous, 792. 

— of Fungi, 381,, 3S8, 427, 

Filaments, 652, 757. 

— relations to leaves, 534. 

42S, 514. 

Filtration, 213, 243, 275, 362, 

- of insects to, 655, 657, 

Fruit, 529, 483, 58S, 759. 

<539. 

760,789-797. 

— ripening of, 320. 

— in irritable organs, 653. 

— respiration of, 400. 

— respiration of, 400. 

— through cell-wall, 276, 

— self-sterile, 790* 

Fruits, coloured, 330. 

565, 566. 

sleep-movements of, 199, 

Fruticose Lichens, 393, 

— through wood, 237. 

623, 625, 641, 642. 

Fucacese, 399, 605, 754, 788. 

— of light through leaves, 

— sterile, 79 r. 

Fuchsia y 279. 

&c., 306, 

— trimorphic, 790. 

FucuSy 32, 70, 462, 732. 

— piaty carpus ■ ■ 

Fir, 37, 43, 1 16, 146, 163, 

— of Dicotyledons, 757. 

200, 203, 225, 237, 312, 

— of Gymnospernis, 756. 

731 . ■ 

369, 504, 505, 537 , 58^, 

— of Monocotyledons, 757. 

— serratusy 780, 781, 

677, 678, 681, 699, 703, 

— of Parasites, 63, 64. 

— vesiciiksusy 732 . 

704, 75 < 5 , 798. 

— of Tan, 82, 614. 

780,7.81, 

Fir-cone, 758. 

Fluctuations in root-pres- 

Fuller’s Teazle, 498 . 

First phase of growth, 414. 

sure, 272, 

Funmriay 56. 

Flag, 60. 

Fluorescence of chlorophyll, 

— ' officinaluy 659. 

Flagdlaria indicay 

322. 

Fumariaceae, 791. 

Flat-shoots, influence of light 

Fmiiculum officinuley 142, 181 . 

Fumitory, 659. 

. on, 709, 710. ■ 0 

^Foliaceous Lichens, 393. ■ 

Ftmariay 3 1 1 , 6 x 9, 6 2 1 . 

Flax, 90, 242, 345, 545, 692, 

Foliage leaves, 47? 489, 493, 

— kygrmnetrkay 527, 735, 

703, 798, 

506, 507, 623, 625, 627, 

780. 

Flexibility of tissues, 220, 

633, 640. 

— 30 , 68, 85 , 120 , 150 , 

Floating leaves, 51, 51 1. 

— shoots, 37. 

314 , 627 , 738 , 738 . 

. — plants, 485. 

Foliar-base, 506, 507, 

Functions of chlorophyll, 

roots of, 255. 

FoniinaliSy 465. 

314, 3x8. 

Floral diagrams, 488, 

— mttj^retkay 151 , *^ 89 . ■ . . 

— of hairs, 223, 125, 

— envelopes, 623, 625, 757, 

Food-materials of Fungi, 382, 

— of leaves, 24S. 

— of petioles, 53. 

— nectaries, 281. 

— of parasites, 375. 

— organs, 298. 

— receptacle, 498. 

Foot, 747. 

— of roots, 1 6. 

Form, 9, 432, 503, 507, 514, 

— of root-hairs, 355. 

Floridea, 114, 179, S99, 335, 

516, 678, 703^ 

— of sieve-tubes, 325. 

483,726,727. _ 

' — and growth, relations to 

— ■ of stomata, 248, 251, 264, 

Flowering Rush, 758, 

cell-division, 433, 435. 

— change in, during growth, 

-- of tissues, 355. 

Flower, 401, 463, 467, 475, 

— • of vascular bundles, 1 34, 

48s, 508, 625, 626, 641, 

443. 

%^ 5 f 

— of wood, 163. 

651 , 758 , 759 . 

— definitive, 412, 421, 439. 



Fundamental tissue, 45, 115, 
HI, 159, 171, 433 - 
Fungi, 90, 120, 155, 203, 283, 
292, 298, 324, 331, 343, 

344 , 347 , 350, 331, 3 ^ 7 , 

368, 370, 371, 375, 381, 

391, 408, 419, 432, 479, 

51 1, 514, 563, 584, 603, 

604, 717, 786, 787, 798, 

800. 

— asli-constituents ofj 383. 

— as stimuli, 537. 

— calcium oxalate in, 178. 

— cell-stnictiire of, 77. 

— cliemical action of, 369. 

— contrasted ■ . with green 
plants, 383. 

— cultivation of, 382. 

— decompositions' due to, 

381, 385, 

— destruction by, 369, 388. 

— excretion ' of water by,. 
,280. ■ 

— ferment-, 347, 382, 402. 

— ferments in, 344, 369, 
3 ^* 

— food-materials of, 3 8 2, 

384. 

— formation of cellulose in, 

385. 

of fat in, 384. 

— fructification, 153, .381, 
388, 427, 428. 

— geotropisin of, 700. 

— growing point of, 437. 

— growth of, 425, 426. 
heat evolved by, 405. 

— Insect-killing, 381. 

— Lichen-, 391. 

— luminous, 406. 

— metabolism of, 384, 385. 
Mould-, 347, 380, 383, 
384? 385? 427- 

— non-ceIlu!ar, 152. 

— niiplear division in, 106. 

— nutrition of, 367, 380, 381, 

382, 385? 385, 389. 
---parasitic, 381, sSpj 537> 

725- 

— putrefactive, 382, 386. 

— reproduction of, 721-725, 
732 j 734 ? 777. 

— ■ respiration of, 385, 398, 
401* 

— root-, 588, 

— root-pressure in, 281. 

— Rust-, 38 1. 

— saprophytic, 381. 

— sexual reproduction of, 

725* 

— shoots of, 54? 7 1' 

— tissues of, 149, 1 5 1. 

— tree-killing, 344> 3^9} 

381, 387, 389, 407. 


im^x. 

Fungi, vegetative forms of, 
387. 

— variety of, 380. 

— Yeast-, 349, 385. 

— wood-destroying, 3 44, 3 8 r, 
387. 

Funiculus, 760. 

Funkia ovata, 98, 801, 

802, 

G. 

Gagea pratensis, 463. 

Gall-apple, 537. 

insects, 537. 

Galls, 204, 537. 

Gametes, 604, 728, 767, 768, 
772, 776. 

Gamosporese, 768. 

Garlic, 59, 802. 

Gases, absorption of by 
leaves, 255. 

— concerned in assimilation, 
297, 298. 

— movements of, 251. 

— of putrefaction, 387. 

— rigor due to the action of, 
595 - 

Gasteromycetes, 90, 15 1, 3 80, 
428, 798. 

Geaster^ 428. 

Gelatinous Lichens, 391. 

Gelidiumy 71, 471. 

Gemm^, 444, 479, 524, 526, 
535 , 709, 723, 769, 798. 

Genetic spiral, 495, 498, 499, 
500. 

Gentiana lutea^ 21. 

Genus -hybrids, 780. 

Geometric centre of organs, 
482. 

Geometry of growth, 438. 

Geotropic curvature, 680, 

686, 687. 

dependent on growth, 

679, 685, 688, 691. 

— curvatures, measurement 

of, 683, 688, 690. ^ 

Geotropism, 16, 200, 485, 
507, 513, 538, 596, 597, 
6 oo*-6o2, 657, 675, 677, 
679, 685, 692, 694, 697, 
699, 700, 702, 705, 707, 
709,710,712. 

— due to gravitation, 681- 
683. 

— elimination of, 705, 716. 

— positive and negative, 679- 
681, 689-691, 703. 

— and heliotropism com- 
pared, 692, 694-696, 697, 
708,713. 

— of Fungi, 700. 

— of motile organs, 689. 

— of nodes, 687, 688. 
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Geotropism of plasmodia,6 1 5, 

— of roots, 679, 680, 689- 
691, 707, 708. 

— of shoot, 679, 680, 690, 

' 6gi. , 

— theory of, 691. 

— of twining plants, 671, 

675.' . 

Geraniacese, 7 So. 

Geranium^ 

— peltatum^ 310. 
Germinating seeds, 398, 400, 
Germination, 194, 262, 283, 
290, 333, 327, 343 , 344 , 
345 , 347 , 353 , 357 , 3 % 
373 , 397 , 403, 404, 412, 
416, 524, 525, 691, 692, 
702, 715. 

— 405 . 

— carbon dioxide evolved 
during, 397. 

— chemical changes in, 328, 

332,335,339. 

— in darkness, 3 2 6, 5 30. 

— in absence of carbon 
dioxide, 326. 

— ferments in, 351. 

— loss of weight on, 400. 

— of macrospores, 749. 

— of seed, 742 , 752 , 753, 
765. 

— of spores, 729, 741, 742, 
746,748,753. 

Gesneracese, 780, 

Geiim^ 780, 

— rivale, 463. 

464 . 

Gingko biloba^ 755, 757. 
Glands, 183. 

— digestive, 378. 

— epidermal, 175, 378. 
Glandular hairs, 124, X83, 

376, 435. 

Glaucium luteum^ 175. 
Glechoma^ 483. 

— hederacea, 713. 

Gleditschia^ 425, 466, 473, 

* 475 - 

— ferox, 57. 

— triacanthujf 57. 

Glekhenia^ 425. 

Globoids, 334. 

Gl(tQcapsa^ 433. 

— 392 . 

Glortosa Blandii^ 659. 

Glucose, 310, 335, 341, 342, 
349 , 363, 384, 390, 652. 
Glucosides, 328. 

Gluten, 334. 

Glyceria Jpectabilisj 312. 
Glycerine, 347, 348, 385, 
386. ^ 

Glycyrrhtza, 645. 

Gnetacese, 751, 
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Gold Fern, 186. 

Gonidia of lichens, 391. 
Gomum, 607. 

Gossj/pium, 183. 

Gourd, 13, 5 ij 74 } ^ 57 , I 93 j 
217, 229, 232, 262, 263, 
264, 276, 277, 289, 290, 
393 ? 309? 313? 347 ? 353 ? 
360? 405, 435, 4 ^ 3 ? 525? 
531? 533 ? 538, 549 ? 584? 
658, 665, 705, 713? 763? 

798. 

>- 12, 76 , 148 , 348 , 354 , 
532 . 

Graminese, 176, 780. 

Grand period of growth, 
V 54 ^? 551? 552, 555 ? 556 
Grannlose, 339. 

Grape-sugar, 335, 347 ? 349 * 

vine, 658. 

Grapes, 329. 

Graphic method, 1 94. 

— — 195 , 305 . 

— representation of the 
effects of light, heat, &c., 
195, 305. 

of root-pressure, 274. 

Grasses, 51, 128, 134, 144, 
178,219, 276, 278, 279, 
288, 343 ? 373 ? 418, 419, 
424, 461, 470, 495, 501, 
534? 572, 664, 687, 706, 
722. 

Gravitation, the cause of 
geotropism,68i-683, 698, 
699, 703, 705, 707. 
-^-influence of, 190, 196, 
200, 485, 486, 489, 493, 
494 ? 503? 515? 5^6, 519, 
521-524, 526-528, 678, 
714. 

— — on development of 
growing-points, 517-519. 

— — ' on post - embryonic 
growth, 528, 536, 537. 

on . protoplasm, 616, 

: 617,620,621. 

Green light, 303, 6 3 8, 696, 
697, 

— organs, respiration of, 
397 ? 40^* 

— plants, nutrition of, 292. 
Greening of leaves, 285, 301, 

309. 

— — 801 . 

Grouping of cells, 436, 437, 
447 ? 577. 

Groups of apical cells, 458, 
462. 

Growing plants, work done 
V by. 583, 584- 
— region, 420. 

length of, 543-545* 

--point, 40, 1 12, 358, 4x3, 


414, 416, 417, 418, 419, 
420, 422, 424, 426, 435, 
443 ? 447 ? 44S, 451? 452, 
453 ? 454? 4do, 461, 464, 
469? 473 ? 477 , 479 ? 4^0, 
481, 482, 496, 500, 502, 
539? 5^h 570; 5S2, 583, 
744 * 

Growing - point, anticlines 
and periclines in, 449. 

conversion into ovule, 

465. 

development of new 

organs from, 460, 467. 
influence of environ- 
ment on, 516-519. 

intercalary, 429. 

— — metamorphoses of, 464. 

■ protection of, 462. 

the region of slowest 

growth, 449, 457, 544- 

relations between 

growth and cell-division 
in, 447. 

of Fungi, 427. 

— — of Phanerogams and 
Cryptogams compared, 
458. 

of roots, 476, 

■ of shoots, 425. 

Growing- points, abnormal, 

468. 

• adventitious, 477, 480. 

— — depressed, 461, 463, 

, 474 * . 

— • — forms of, 461. 

typical, 460. 

with and without an 

apical-cell compared, 458. 
Growth, 353, 356, 364, 412, 
417, 449, 453, 483, 493, 
503 » 515? 550. 

— abnormal types of, 425. 

— apparatus for measuring, 

561 . 

— axis of, 481, 483, 484, 
539 ? 545 * 

— by apposition and intus- 
susception, 413. 

— basal, 419, 544. 

— causal relations of, 502. 

— causes of, 563, 565, 689. 

— and cell-division in solid 
bodies, 440, 445. 

— change of form during, 
443 *' 

— correlations of, 502-505, 
507? 508, 512, 704, 765. 

— curve of, 55 x, 555 t? 554? 
555 ? 55S? 563. 

— daily periodicity of 558- 
560, 640, 64I> 

— in darkness, 353, 531, 
532 > 7 X 3 * 


Growth by day and' night, 
549? 552? 553? 555? SS'S? 
559? 5^0- 

— definite and indefinite, 
465, 466, 483. 

— definition of, ■ 412. 

- — dependence on external 
conditions, 194? 552, 554, 

„ 555* 

— dependence on turges- 
cence, 215, 565, 567-*: 60, 
572? 573? 576? 581? 641. ^ 

— diagrams illustrating cell- 
division and, 440, 441, 
442, 443, 448,460, 451, 
452, 457, 460, 468. 

— directions of, 69S. 

— in distilled water, 284. 

— - discontinuous variations 

in, 55 i?' 552 * , 

— ^■displacements during, 445, 

— distribution 411,- 415, 
437-440, 544? 5^9i 683- 
685. 

—■embryonic, 419. 

— excentric, 445. 

— geo^metry of, 438. 

— grand period of, 541, 55 1? 
552, 555? 556. 

— independent of assimi- 
lation, 300. 

of nutrition, 4x1, 412, 

— influence of light on, 554, 
555* 

■ of temperature on, 

553? 555* 

— intercalary, '4 1 7, 418, 544. 
— internal and external 

causes of, 503. 

— measurement of, 540-545, 
55^? 561? 5^2. 

— mechanics , of, 452, 437,, 
563, 570, 572. 

— in nutritive solutions, 286. 

— on different side§ of 
organs, 546. 

—oxygen necessary for, 397, 
399. 

— periodic variations in, 

539? 54 J? 549? 55^^? 559? 
560, 599, 640, 641. 

— phases of, 411, 414, 416, 
417, 418, 420, 423? 424? 
425? 437* 

— post -embryonic, 503, 5 1 6, 
528, 536, 537* 

— relations to cell- division, 

43^? 435? 437? 449? 453* 

to configuration of 

organs, 450. 

to geotropfsEo, 679, 

685, 688, 691. 

— retardation by light, 5 35, 

559?-5^3E. 
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Growth, respiration during, 
399- 

— slowest at apex, 449, 457, 
544* . 

— in thickness, 483, 574, 

■ 577. 

— and tissue-tensions, 569- 

574-' ■ ' . ■■ ■ ■ 

— types of, 451. 

— velocity of, 552, 560, ”569, 

571. 

— zones ..of, 544. 

-— of Algae, 425, 429, 

— of cambium, 157. 

— of cells, 96, 422, 432, 437, 
S^hS'^S'- 

— ot cortex, 158. ■ 

— of crystals, plants and 
animals compared, 412 , 

413- ■ 

— of epidermis, 166. 

— of iilamentous organs, 
443, 453- 

— of flat structures, 441, 

445- ■ ■ 

— of Fungi, 425, 42 6.; ■■ 

~ of i nternodes, 540-545, 
553- 

— ot leaves, 422, 540, 640. 

— of non-celluiar plants, 
540, 543. 

— of orthotropic organs, 
f>9S, 709, 7x1. 

of plagiotropic organs, 
698, 71 1, 

— of roots, 17, 539, 54X'-544, 
553- 

— of shoot, 41, 421, 423, 
540-544. 

— of starch grains, 315. 

— of tendrils, 664, 665. 

— of twining shoot - axes, 
669, 674. 

— of young organs, 364, 
419. 

Guard-cells of Stomata, 97, 
248. 

Gumcmz^ 163, 

— officinale^ 177 . 

Gum, 90, 124, 172, 175, 180, 
328, 566. 

— arabic, 90, 328. 

-passages, 181. 

— tragacanth, 328. 

— vesicles, 179. 

Gumrnosis, 180. 

Gummy substances, 182. 
Gymnogrammej 186. 

— calomelanosy 126 . 

— chry Sophy Ha, 780. 

— Mstms, 780. 
Gymnosperms, 155, 178, 745, 

74<>, 750, 75X, 754“757, 
758, 764, 772, 788. 
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Gymnosperms, 754. 

and angiosperms com- 
pared, 75 7-7 64. 

— embryology of, 751, 754, 

755. 

— fertilisation in, 755, 

— flowers of, 756. 
Gynostemium, 796. 

Gypsum, 252, 262, 284, 287. 

H. 

Habitats of Lichens, 392. 
Hxmatococcus, 612, 613. 

— lacustris, 61 1 . 

— plwvialis, 609 . 

Hairs, 122, 126, 289, 376, 
423,435,482. 

— root-, 17-20, 25,12 3 
Halymeda, 154, 179. 

— opuntia, 153 . 

Haschish, 185. 

Haulms of Grasses, 687, 688. 
Haustoria, 25, 63, 369, 372, 
373, 388, 390, 725. 
Hazel, 266, 584, 763. 
Heart-wood, 163, 230, 268, 
344- 

Heat, animal, 404. 

— as a stimulus to proto- 
plasm, 617. 

— of combustion, 199. 

— of imbibition, 210. 

— influence on plant-life, 
190, 191. 

— loss of, by radiation, &c., 
404. 

— of respiration, 403, 405. 
-- rigor due to, 593. 

— spontaneous, 395, 405. 
Hedera Helix, 523. 

Hedysarum gyrans, 593 , 59 ^, 

598, 627, 637. 

627 . 

Heleoc harts, 708. 

Helianthemum, S9S* 

— vulgar e, 396 . 

Reliant bus, 186, 574* 

— antiuus, 199, 236, 271, 
273, 313, 468, 498, 640. 

— — 42 , 95 , 112 , 277 , 
461 , 467 . 

— tuberosus, 59, 3x9, 335- 

79 , 336 . 

Heliotropic curvatures, 693, 

694. 

— effects of coloured lights, 
696, 697. 

Heliotropism, 16, 199, 485, 

5x2, 528, 54<5, 589, 596, 

600, 602, 612, 616, 617, 
621, 622, 627, 628, 677, 
692-697, 699, 702, 705, 
707, 709, 7x0, 712. 
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Heliotropism, antagonism to 
geotropism, 694, 708,713. 

— elimination of, 705. 

— experiments on, 693, 694. 

— and geotropism com- 
pared, 692, 694, 695, 696. 

— ^positive and negative, 
693-697, 701, 703, 709, 
7 IX, 7x2, 7x3, 714, 

— of tendrils, 667. 

— theory of, 677, 695, 696, 
697. 

Helkborus niger, 279. 

Hemp, II, ij, 37, 229, 262, 
289, 345, 660, 757, 798. 

Hepaticse, 31. 

— apical-cell of, 452. 

Heracleum, 216. 

Herb Paris, 60; 

Heredity, 9) 503, 516/ ,23, 
779- 

Herkogamy, 789, 799. 

Hermaphrodite flowers, 757, 
788. 

Herposiphonia repens, 483 . 

Heteromerous Lichens, 392. 

Heterosporous Vascular 
Cryptogams, 745“75i- 

Heterostylism, 789, 790, 799. 

Heterostylous flowers, 792, 

Heruia, 172. 

Hibbertia dent at a, 669. 

Hibiscus, 

Hteraceum pUtferum, 121 . 

Hilum, 338. 

Hippuris, 44. 

— 469 . 

— •vulgaris, 40 , 424 . 

Histogenic layers, 420. 

Histological differentiation, 

4x6, 570, 57X. 

Histology of wood, 160. 

Hoar-frost, 404. 

Homoiomerous Lichens, 392. 

Homologies between Pha- 
nerogams and Crypto- 
gams, 75 X, 756- 

Honeysuckle, 668. 

Hooks, 657. 

Hop, 24, 56, 124, 185, 242, 
289, 548, 55X, 553, 657, 
660, 668-672, 676, 757. 

— 184 . 

Horse-chestnut, 43,123, 186, 
283, 285, 3x4, 3x9? 351, 
506, 507, 53 x, 578. 

— 369 . 

radish, 802. 

tails,55, 59,62, 418, 701, 

739-742, 745- 

Host-plants, 368, 369. 

Hoy a c arms a, 177. 

89 . 

Humus, 259. 
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Humus-plants, 63, 374, 392, 
399 - 

Hyacinth, 43, 3<5o, 419? 534 > 


Hyacmthus^ 3 1 3 5 ^ • 

Hybrid vines, 784-786. 
Hybridisation, 779, 799. 

— laws of, 780-784. 
Hybrids, 779, 780, 783. 

— derivative and compound, 

7 84* 

— properties of, 78 2-784, 
Hydnora Africana^ 65 , 
Hydnoreae, 63. 

Nydnum diver sidens^ 388. 
Hydrate of Terpin, 389. 
Bydrocharisy 13, 255, 617. 
Hydrodictyeae, 429. 
Hydrogen, 206, 290, 293, 

324, 382, 386, 396, 403, 
595 - 

— sulphuretted, 387, 
Hydrotropism, 601, 602, 698, 

707, 7 14-71 7- 

— 715 . 

— positive and negative, 717. 
Hygroscopicity, 588, 739, 

741* 

Hymenomycetes, 798. 
Hypericinese, 780. 

Hypericum, 183, 184. 

Hypha, 152, 380, 381, 388, 
426, 432, 453, 571, 726, 
Hypochlorin, 318. 
Hypocotyl, 702, 712. 
Hypoderm, 143. 

Hypophysis, 433, 443. 

I. 

Iceland Moss, 707. 

Hex aquifolium, 116 , 
Imbibition, 207, 243, 638. 

— heat of, 210, 

— water of, 209, 

— in wood, 241, 268. 
Immature condition, 414, 
Impatkm, 177. 

— ghmdulifera, 199 . 

— 7 ioU-me''ta 7 igere, 640, 641, 

791* 

Indefinite growth, 465, 466, 
4S3. 

Independence of anisotropy 
and morphological nature 
of organs, 700. 

— of cell-division and the 
morphological and phy- 
siological nature of or- 
gans, 433, 435. 

— of growth and cell-divi- 
sion, 431. 

and nutrition, 412. 


Indian Corn, 343, 344, 417, 

— Cress, 533, 548, 596, 659, 

712,713* 

— Hemp, 184. 

India-rubber, 172. 

Individual, 414, 
Inflorescence, 461, 463, 473, 

475, 496, 534, 658. _ 
Influence of the environ- 
ment, 515, 516,523, 537, 
593> 594> 595, 678. 

on growth, 552, 554, 

555. 

— of gravitation on develop- 
ment of growing points, 
517-519. 

on post - embryonic 

growth, 528, 536, 537* 

— of light on chlorophyll- 
corpuscles, 617-620. 

— — on development of or- 
gans, 522, 524. 

on flat shoots, 709, 

710. 

on growth, 554, 555. 

-on leaves, 617, 621. 

on post - embryonic 

growth, 530, 536, 537. 

— of the origin of sexual 
cells on oflspring, 787. 

— of temperature on growth, 
553> 555. 

— — on protoplasmic move- 
ments, 606, 608* 

Infusoria, 298, 606, 
Inherited disposition, 189. 
Injection of water in cut 
branches, 279. 

Injury, as a stimulus, 583. 

- — development of growing- 
points caused by, 4 So, 

582, 5S3. 

— eflects of, 304, 507. 
Insectivorous plants, 124, 

186, 345, 366, 374. 

— digestion by, 377. 

nutrition of, 374, 375, 

parasitism of, 377. 

Insect-killing Fungi, 381, 
Insects and Flowers, 653, 
657, 760, 7S<;-797* 
Insects, relations of plants to, 
204, 329> 537, 53S, 54B, 
643. 

Insect-traps, 379. 
Integuments, 752, 754, 756, 
760, 766. 

Intense light, effect on as- 
similation, 311, 

Intensity of light, 713. 

— — influence on swarm- 
spores, 613, 621* 

Intercalary embryonic tissue, 

467, 46S. 


Intercalary growing - 'point, 
429,. 

— growth, 417, 418, 481, 
544 * 

I nter-celiiilar canals, 1 8 1 . 

— .gaps, 182. 

— spaces, III, 1 4 1, 176, 247, 
264, 423, 645, 652, 655.' 

I nter-fascicular canibiiini, 
157. 

Intermediate products of 
assimilation, 317. ; 
Internal causes of growth, 

503. 

— disposition, 523, 678. ■ 

— glands, 183. ,, 

— parasites, 370. 

— structure of plants, 189, 

503* 

Iiiternodes, 40, 421,. 47,1,' 

483 > 549 , 683, f'84, 6S5, 

' 687. ■ 

— growth of, 540, 542-545, 
553 - 

Interpolated organs, 469. 
Intine, 762. 

Intra-moleculur respiration, 
395, 4or, 403. 
Intussusception, 413. 

Inula HeUenium, 335. 

Inulin, 323, 335/336^ 34 ^. 
345 > 357 , 363. 

— fermentation of, 342* 
Inverted sugar, 349. 
Invertin, 343. 

Inventive action of yeast, 

390- 

Iodide of starch, 310', 

Iodine, 288. 

Ipo 77 tma, 669, 671. 

— 24, iSo, 640, 

' — purpurea, 533 , 672 . 

670. ' , , 

Iridex, 177, 780. 

Ms, 60, 144, 536, 576, 794. 

— pumila, 102 . 

Iron in plants, 203, 226, 2 84, 
283, 287, 289, 321, 383. 
Iron- wood, 163. 

Irritable leaves, 641-649, 

653* 

— movements, electric cur- 
rents during, 650, 

mociianics of, 652, 65 5. 

— organs, 591, 598, 600, 

654* 

rigor in, 593-'595* 

specific energy of, 60 1. 

— stamens, 396, 595, 650, 
651, 654, 655, 790. 

Irritability, 351, 368, 395, 

481, 493, 505, 507, 

515. 530, 548, 566, 589- 
S9h 593 i 594 > 599 i 6oi, 
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644-656, 678/689, 692, 
695,717. 

Irritability, definitioii of, 
.587. 

— of growing leaves, 640. 

- — law of, 196. 

— of plants and animals, 597, 
600. , 

— of protoplasm, 587, 599, 
603, 615, 616, 617, 620, 
,621, 655. 

—- of roots to contact, 716. 

— of svvarmspores to light, 
6083 

— of tendrils, 658-666. 

— and turgescence, 647,653. 
— • of twining stems, 674, 

675 ‘ ■■ 

— , uses of, 655, 656. ' 
Isoetese, 745. ■ 
hoetes, 47 ^} 4^3? 74 ^t 756. 

— fystrlv^' 57. 

— lacujtriSi 749 , 771 . 
Isosporous Vascular Crypto- 
gams, 739. 

Ivy, 12, 24, 42, 56, 522, 523,. 
657, 658, 660, 693, 699, 
703, 710-712, 713. 

— 182 , 523 . 

J. 

Jalap, 180. 

Jasminhmi^ 669. 

Jerusalem artichoke, 59. 
juglandese, 465, 

Jimcus, 145, 219. 
Jungermannie^,66,474, 476. 
Juniper, 703. 

Jumper us y 321. 

• — communis f 703. 

.— — 164 . ' 

K. ■ 

Kulmiciflp So, 

JXerrm^ 

Kidney Bean, 194. 

Klinostat, 201, 562, 683, 
685, 693, 705? 717. 

— 684 , 716 . 

movements, 673. 

Knight’s experiment, 682 . 

L. 

Labellum, 796. 

Labiateas, 496, 5 oi> 7 i 3 > 78o, 
794. 

Lactic acid, 349, 386. 

— fermentation, 349, 
Lagenaria^ 658. 

Lamina, 47 ? 47 4 ^ 9 ? 490 > 
506, 507? 547^ 623, 626- 
630, 633, 640, 650, 693, 


Lamtnariay 32, 69^ 208, 242, 
439, 

— Claustonij 32 , 70 . 
Lamium amplemcaule, 791. 
Lamp-light and assimilation, 

307. 

Land-plants, 203, 253, 295, 
511,512. 

— absorption by, 283. 

— leaves of, 47-53. 

— roots of, 246, 355. 

— transpiration of, 225, 346. 

— vascular bundles of, 44. 
Larch, 584. 

— 498 . 

Lateral buds, 508, 714. 

— roots, 17, 416, 476, 699, 

704? 705. 

— — geotropism of, 707, 
708. 

Laterality, 481, 485. 

Latex, 172, 180, 362. 

— extrusion of, 361. 

— -cells, 174, 

vesicles, 179, 

Lathrma, 14, 63, 374j 399* 

— squamaria, 335. 

Lathyrus alphaca, 660. 
Laticiferous vessels, 171,174, 

361. 

pressures on, 360. 

Laurineae, 180. 

Law of irritability, 196. 

Laws of cell-division, 434, 
435 » 442, 454 > 456, 502. 

— of hybridisation, 780- 

734. 

Layers of wood, 161. 

Laying of wheat, 289, 514. 
Leaf, carpellary, 758. 

— development of, 425, 469, 
475 , 506, 744 - 

— primary, 747, 764. 

— primordial, 506, 

— upper, 506. 

base, 471, 506. 

--buds, 397. 

— -nectaries, 281. 

sheath, 418, 687. 

tendrils, 659, 660. 

traces, 157. 

Leaflets, 626, 629, 633, 639, 
644, 646. 

Leaves, 4, 38, 39, 47 , 282, 
290, 343 , 4^3, 424, 443, 
454 ? 455 , 464, 467, 432, 
483, 437, 439, 490, 493, 
494, 504, 506, 510, 513, 
520, 528, 547 , 564, 567, 
569, 575, 625, 626, 637, 
633, 640, 644, 699, 703. 

— absorption of water by, 
254. 

of gases by, 253, 

3 G 2 


819 

Leaves, area of, 227, 312, 

511, 513. 

— arrested, 55, 61, 506, 307. 

— autumn, 318, 319. 

— and bud-scales, correla- 
tions between, 506. 

— chlorotic, 298. 

— climbing, 675. 

— colours of in winter, 321. 

— compound, 52, 425, 490, 
687. 

— decomposition of carbon- 
dioxide by, 298. 

— development of buds 
from, 478. 

— evaporation of water 
from, 227, 246. 

— fall of, 319. 

— floating, 51, 5ir. 

— greening of, 385, 298, 301, 

309,533. 

— — 301 . 

— growth of, 419, 422, 540. 

— importance to flowers, 
534. ' 

— influence of light on, 617, 
621, 623-640. 

on structure of, 536. 

— irritability of growing, 
640. 

— mechanics of, 49, 

— metamorphosed, 464. 

— metamorphoses of, 536. 

— motile organs of, 623- 
646, 689. 

— negatively heiiotropic,7o i , 

— periodic movements of, 
623, 637, 628, 635, 636, 
640. 

— protection of, 50. 

— quantity of starch pro- 
duced in, 314. 

— radical, 421, 

— regeneration from, 721, 
723, 583. 

— respiration of, 400. 

— as reservoirs of reserve- 
materials, 331. 

— and roots, correlations 
between, 512, 513. 

— scale-, 504, 506, 507. 

— scale-like, 63. 

— sessile, 53, 

— sensitive, 641-649, 655. 

— sheathing, 470. 

— sleep-movements of, 199, 
623, 626-629, 635-640, 

— structure of, 490, 491. 

— submerged, 511. 

— tensions in, 49. 

— vascular bundles of, 47™ 
63 * 

— venation of, 48, 49, 51, 
138, 511. 
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Leaves, vernation of, 547. 
Leek, 179, 685. 
Legtiminosese, 199? 334? 337 ? 

626, 687. 

Lemnai 13, 255. 

— tnsulcai 619. 

.—^ — 819 . 

•Lemnacese, 122. 

Length of roots, 13,512,513. 
Lenticels, 167. 

Lentil, 763. 

Leontodon taraxacum, 396. 
Lepidodendron, 741, 
Leptsmium radicans^ 522. 

Leucin, 349 ) 384 - 
LeuGophyll, 317. 

Le'uisticum tppcinale^ 426 . 
Levulose, 343. 

Libriform fibres, 139, 160. 
Lichens, 90, 153, 178, 325, 
371? 380, 390, 391, 393, 
393 ? 514? 707.; 

— assimilation of, 393. 

— forms of, 393. 

— gonidiaof, 391, 392. 

— — 392 . ■■ 

— reproduction of, 727. 

— roots of, 34, 35, 263,594. 

— symbiosis of, 390, 

— thalius of, 393. 

— tissues of, 153, 392. 

— -fungi, 391. 

Life, 191, 395,717. 

Light, 397, 406, 485, 486, 
489, 493, 494, S03, 508, 

511, 513, 515, 517-519, 

522, 524, 527, 528, 531, 

714. 

, — absorption of by chloro- 
phyll, 322. 

as aifecting the develop- 
ment of chlorophyll, 300. 

— and assimilation, 148, 282, 
294, 296, 299, 301, 304, 
307, 309? 510? 512, 

— bilaterality induced by, 

525. ■■■ ., 

— cardinal points of, 302. 

— composition of, 302. 

— electric, and assimilation, 
307. 

— influence on development 
of organs, 522, 524, 523, 
526,527. 

— influence on development 
of flat shoots, 709, 710. 

— influence on growth, 554, 
555 - 

on leaves and chloi'o- 

phyil, 617-621, 623. 

on life of plants, 190, 

T 95 , 197? 30L 593 - 

on post - embryonic 

growth, 530, 536, 537. 


Light, influence on struc- 
ture of leaves, 536. 

on transpiration, 228, 

251. 

— intensity of, 302, 306. 

— irritability of plasmodia 
towards, 615. 

of protoplasm towards, 

616, 617, 620, 621. 

— local action of, 310. 

— movements of leaves due 
to, 625-630, 634-639. 

— refrangibility of, 301. 

— retardation of growth by, 
535 ? 559 ? 561. 

— sources of, 307. 

— as a stimulus, 594, 597, 
601, 625-628, 638, 653, 
692, 694, 698, 702, 705* 

— irritability of swarm- 
spores to, 608, 610-612, 
613, 621, 696, 714. 

— variations in intensity of, 
54 L 55 L 552 , 554 , 556 , 
559, 560, 594, 613, 62 r, 
623-643,713. 

— of various colours, 303, 
305, 31 1, 638, 696, 697. 

— wave-lengths of, 306. 
Lignification, 88, 90, 289, 

416,433,570, 

Lignified elements, 16 r. 

— tissue, 231, 

— cell-walls, 242. 

Lignin, 339, 389. 

Lignite, 294, 382. 

Liliacese, 156, 169, 177, 419, 

424, 528, 534, 706, 780. 
Lilmm, iiS. 

— candidum, 178, 400. 

— Martagon, 178. 

My, 5 L 756. 

Lime, salts of, 79, 159, 254, 
290,320,334. 

— in sap, 274, 280. 

— oxalate of, 291. 

— 466, 581, 714. 

— 445 , 446 , 482 . 

L'marta, 780. 

Li mm, 374. 

— grandtfoUum, 640. 

— perennc, 790. 

— tuitatissimum, 546, 791, 
Lithium, experimezits wdth, 

235? 254, 269. 

— spectrum of, 236. 
Lithocysts, 177. 

Liverworts, 31, 66, 120, 

303, 474, 476, 479, 491, 
495 , 525, 621, 70s, 706, 
708. 

— growing-point of, 461* 

— reproduction of, 723, 724. 

— tissues of, 1504 


Loam, 259. . 

Loasaceas, 124, 669. 
Lobeliaceae,. 171, 78o,'792. 
Lobelia fidgens, 798. 
Longitudinal axis, 482, 48 6. 

— sections, 447, 449, 481, 

4S3, 565, 571. ■ 

— walls, 452, 

Lonicera, 186, 506. 

— caprifolium, 668, 
Lophospermum, 659. 
Loranthacex, 64, 367, 766. 
Lorantbus Muropims, 368* 
Luminous fungi, 406, 408, 

695. 

Lupin, 326, 345. 

Lupinus varius, 333 . 
LupuHn, 185. 

Luztda pilosa, 

Ljchnh, 780. 

— diunia, 781. 

— yfryj cuctdi, 781. 

— •vise aria, 184. 

Lychim, 320. 

Lycopodiacex, 52, 181, 474, 

800. 

— reproduction of, 741, 744,- 
745,748. 

^ — shoots of, 55, 62, 
Lycopodium, 75, 5 88. 

— chamKcyparissm, 1, X a, 1 46, 

147 . 

Lygodium, 60, 425, 492, 495, 

675* 

Lysigenous intercellular spa- 
ces, 176. 

Lysimacbia, 183, 184. 

— mimmularia, 483. 

Lythrum BaUcarm, 790, 

M. 

Macleya cor data, 371. 
Macrocystis, 

Rlacrosporangia, 746, 751, 
766, 

Macrospores, 746-752, 766, 
■8oo. 

Macrostylous flowers, 790, 
]\Iacro-zoospore$, 609. 
Magnesia, 79, 334. 

Magnesite, 263. 

^lagnesiim salts, 202, 226, 
254, 262, 284, 289, 

290, 291, 383, 
I\Iag!io!iaceae, 180. 

Mabonia, 321, 305, 4o<!. 

Maize, 12, 29, V93, 194, 2x7, 
228, 229, 362, 263, 271, 
278, 283, 284, 286, 288, 
300, 309, 310, 313, 337, 
344, 417, 424, 533, 564, 
687. 

— 13 , 38 , 42 , 271 , 421 . 

Majmtkemum bifolmm, 51. 
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Male coenobia, 731. 

— fern, 478. 

— plants, 737 t 74 2, 75 

— prothallia, 742. 

— reproductive organs, 724, 
727, 728, 734, 736, 757, 

769,779- 

Malic acid, 328, 

Maiope trijiday 641. 

.Malt, 404. 

Mahm, 782, 792. 

— rotimdifoUay 640, 
IMaivacese, 123, iSo, 780. 
MamiUarlay 54, 472. 

Maud r agora •vernalisy 792. 
Manganese, 288, 

Mannite, 349, 385, 386, 
Manures, 292. 

IMaple, 163, 180, 506, 507, 
578, 579- 

— Sugar-, 359. , 

Marattiacese, 13, 18 r, 458, 

472, , 

— marginal cells of, 459. 
Marehantiay 31, 33, 444, 489, 

510, 5^25, 526, 527, 695, 

705, 709, 710, 712, 713, 
723. 

— 444 . 

— polymorphuy 708. 

69 , 91 , 120 , 151 , 526 , 

709 . 

Marchantiese, 461, 474. 

— tissues of, 150. 

IVIarginal growth, 440. 
IMarine plants, 287. 

Marsilmy 44, 483, 494, 746, 

■747-" ' , 

— salvatriXy 15 , 699 , 746 , 
747 , 748 . 

MarsiUaceiBy 604. 

- — reproduction of, 745. 
Mastic, 18 1. 

Materials for growth, 329, 
4ir. 

Mature condition, 414. 
Maurandtay 56, 659. 
Maximum point for light, 
X95, 302. 

■ — for evolution of oxygen, 
306. 

— for temperature, 193. 

— velocity of growth, 552, 
560. 

Meadow saffron, 350. 

Mealy hairs, 186. 
Measurement of assimila- 
tion, 304. 

— of contractile stamens, 
652. 

— of geotropic curva- 
tures, 683, 688, 690. 

— of growth, 539 ■" 5 ^ 5 j 
551, 561, 562- 


Measurement of pressures in 
motile-organs, 636. 

— of root - pressure, 274, 

277. 

— of shortening of roots, 
576. 

Mechanics of branches, 580, 
581. 

— of flowers, 791-797. 

— of growth, 432, 437,563, 
570, 572. 

— of insectivorous plants, 
376, 377, 378, 379- 

— of irritable movements, 
652, 653. 

— of protoplasm, 614. 

— of sleep-movements, 626, 
634-640. 

— of stomata, 248. 

— of tendrils, 664. 

— of twining, 670-672, 674- 
676, 

Median longitudinal sections, 
449- 

Medullary rays, 159, 359, 
439, 452- 
Melaleucuy 165. 

Melandryunty 316. 
Melastomacese, 794. 

Melobesia, 437,442, 

— Lejolistiy 438 , 
Melobesiaceae, 179, 290. 
Membranes, properties of, 

214. 

Menbpermumy 548. 

— canadensey 669, 672. 

672 . 

Menthuy S9* 

Men%iestay 780. 

Merismopediay AH' 

Meristem, 170. 

— primary, 419. 

Mertensia, 42 s* 

Merulius lachrymansy 281, 

381. 

Mesembryanthemumy 55, I77, 
642. 

Mesocarpusy 618,621, 622. 
Mesophyll, 47, 321, 536* 
Mesostylous flowers, 790. 
Metabolism, 175, 289, 328, 
364^ 365, 400, 508. 

— of fungi, 384. 

— products of, 323, 330, 
357- 

Metameres, 483. 
Metamorphosed leaves, 464. 

— organs, 7, 4^3- 

— roots, 23, 369. 

— shoots, 54, 475, 658. 
Metamorphoses of carbo- 
hydrates, 323. 

— of fats, 328. 

— of growing-points, 464. 
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Metamorphoses of products 
of assimilation, 323. 

— of proteids, 326. 

— of reserve-materials, 341. 

— of starch, 323, 328. 
Metastasis, products of, 316. 
Method of bubble-counting, 

■ 304.'" ' ■- 
Methylamine, 384, 

Metzgeriay 4 . 61 , 

— furcatUy 474 . 

Micellse, 206, 243, 254, 413. 
Micro-chemistry, 291, 307, 
320. 

Microsomes, 79. 
Microsporangia, 746. 
Microspores, 746-751, 754, 

.756,757. 

Microstylous flowers, 790. 
Micropyle, 752, 754, 757, 

. 758, 760, 762, 771, 778. 
Micro-zoospores, 609. 

Middle lamella, 7 5, 90, 1 12 . 
Mid-rib, 489, 490, 650, 
Mignonette, 497. 

Mildew, 786. 

Milfoil, 52. 

Mimosa, 201, 218, 396, 590, 

593, 594, 596, 597, 598, 
626, 639, 644-649, 654, 
655,665. 

--pudicuy 593,595,644, 649* 
645 . 

Mimoss&y 593, 595, 596, 598, 
601, 637, 638, 644, 646, 

^ 647, 648, 649, 652, 655. 
MimuluSySSfO, 

Mineral substances, 282, 
284, 382. 

Minimum point for evolu- 
tion of oxygen, 306. 

— for light, 195, 302. 

— for temperature, 193. 

— velocity of growth, 552, 
560, 

Mirabilh Jalappa, 338, 640, 
781. 

— longifloray 781. 

Mistletoe, 25, 64, 367, 369, 

766. 

— 26 . 

Mnium hornumy 68 . 

Mobility of water in cell- 
walls, 242. 

Moisture as a stimulus, 519, 
625, 702, 715* 

— effect on transpiration, 
228, 251, 278. 

— variations in, 551, 553, 
625, 646. 

Molecular structure, 205. 

of wood, 242. 

Molecules, 243. 
Monocotyledon, 417. 
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Monocotyledons, 51, 128, 

144, 373, 375, 418, 470, 
472, 473, 478, 660, 689, 
706. 

— ascent of water in, 230. 
excreta, 177. 

— .flowers of, 757. 

— • gi'owth in thickness, 169. 

— pliyllo taxis, 501. 

— reproduction of, 756, 758, 
763, 765. 

— secretion-'Canals, i8r. 

— • -vesicles,, 1 79, 

— vascular bundles, 127,134. 
Monoecism, 788. 
Monopodium, 60, 474. 
Monotropa^ 34) ^3? 3^^) 372, 

374) 765. 

Monster a f 24, 25. 

— deHcma^l2d* 

Moracese, 174, 790. 

Morphia, 172. 

Morphological nature of 
organs, anisotropy inde- 
pendent of, 700. 

cell-division indepen- 

dent of, 433, 435- 
Morus aiba, 319, 362. 

Moss, 126, 155, 264, 302, 
330) 347, 364, 3^7)419) 
432, 453) 465, 471, 479) 
497 ) 501, 510, 588, 603, 
6l9, 621, 722, 723, 734, 
747) 755) 800. 

— 314 :, 364 , 479 , 735 . 

— apical cell of, 452. 

— branching of, 473. 

' — cell-structure, 1 14. 

— chlorophyll - corpuscles, 
85,311, 

— epidermis of, 121, 149, 

— fertilisation, 108. 

— growing-points of, 460, 

— movements of water in, 

: 225, ■ 

— reproduction of, 730-739, 
742. 

— roots of, 29, 150. 

— shoots of, 54, 65. 

— stomata, 120. 

— tissxies, 149.. 

— tubers, 364. 

Mosses, hybrid, 780. 

Moss-flowers,^* 736, 737. 
Moss-fruit,” 734, 7 38, 800, 
Mother-cells, 97, 100, 434, 
746, 770. 

of antherozoids, 737. 

of pollen, 433, 739* 

of spores, 433) 739* 

Motile condition, 593, 594. 

— flowers, 396. 

— organs, 39<5, 623-639, 639, 
644-646, 665, 687, 6S9. 


Motile organs, expulsion of 
water from, 647, 649. 
geotropism of, 689. 

— — structure of, 629-634, 
645. 

tissue-tensions in, 648, 

649. 

Mould-fungi, 152, 281, 343, 
347, 380, 383, 384, 385, 
398, 437, 722, 798. 
Movements, amceboid, 613, 
614. 

— of chlorophyll-corpuscles, 
617-621, 696. 

— of constructive materials, 
359) 361. 

— due to changes In the in** 
tensity of the light, 625- 
630, 634-639, 

— of gases, 251. 

— periodic, 395, 59o, 593, 
594) 598, 599) 623, 627, 
628, 635-641, 

— of protoplasm, 81, 194, 
395) 603, 606, 607, 608, 
621. 

— of reserve-materials, &c., 
360. 

— of root, 21, 

— sleep-, 599, 623, 626-629, 
635-640, 

— of stamens, stigma, and 
style, 792. 

— ofwater, 2 1 1,225,253,270. 

— of zoospores, 604-608, 

777. 

Mucilage, 88, 90, 186, 328. 
Mucor, 5, 108, 280, 335, 367, 
370, 386, 387, 465, 543) 
561, 695, 697, 700, 725. 

— curve of growth of, 562. 

— MucedO) 369. 

870, 725. 

— racemosus^ 386, 387. 

yeast, 386, 387. 

Miicormi, 152, 351, 700, 

726, 727, 768. 

Mucus, 175, 179, 180. 

vesicles, 180. 

Mtthlenheckia fluty dada^ 55. 
Bltilberry, 319. 

Multinuclear cells, 86, 106, 
109. 

Musa, 50, 75, r79, 310, 473. 

— Emete, ^ 20 , ' 

— 334, 

— supienhim^ 236. 

Musaceae, 550. 

Muscari botiyoides^ 472. 
Muscinese, 120, 126, 171, 

425, 460, 473, 524, 732’,) 
769,788,789. 

Mushroom, 7 75? 152, 426, 
564, 


Mustard, 596, '695, 697. 

— oil of, 342. ' 

■Mutism clematis^ 662. 
Mycelium, 34, 71, 152, 344, 

3S1, 3SS, 407, 426, 428, 
700, 717, 725, 726, 
IVIyelin, 318. 

My os Otis j 496. 

Myriocepkalus ^ 5 8 8. 
Myriophyllum^ 297. 
hlyronate of potassium, 342. 
Myrosin, 342, 349. 
Myrtacea% 183, 334. 
Myxamoeba^, 613, 614. 
Myxoinycetes, 82, 84, 345, 
395 ) 429 ) 430.), 45 '^) 613. 

N. 

Nasturtium officifiah^ 478. 
Necessity of oxygen,. 3 96, 6 1 ,i . 
Nectar, excretion of, 281. 
Nectaries, 281, 79 r. 
Nectarine, 7S,r. 

Negative geotropism, 679- 
81,691, 703, 

— lieliotropism, 693 - 693, 
697, 701, 703, 71 1, 712, 

713. 

— hydrotropism, 717, 
pres.st3re... in ■ root-stock, 
, 27.1, ,277. 

.pressureiit'" wood', ,268,.' . 

Neottia, u, 63, 373, 374, 399. 

■— mdus^a%nsj ^22, '367, 433* 

— 433 . 

Nepenthes, 36, 374, 378, 379, 
660. 

— iaj:*visj S 79 . 

Nep/sroi^isj 425. 

Nerves, 600, 650. 

Nettle, 271, 274., 

— 160 , 438 . , 

Nkotkma, .780, 782. 

— 435 . 

— Lmgsdoijiif 781. 

— panktilaia^ 781. 

— • tabacmn^ 236, 570. 

Nigel ia damaseemi^ 781. 

789. 

— satinsa^ 781. 

Nitelia^ 320. 

Nitrates, 202, 226, 352, 284, 
2S7, 291, 324, 384/ 
Nitrate of lithium, 235* 
Nitric acid, 334, 3S5. 

— oxide, rigor due to, 595. 

— absorption by leaves, 255. 

— In rain-water, 263. 

— in soil, 392. 

Nitrous oxide, rigor due to, 
595 ^ 

Nitrogen, 206,290, 293, 297, 
324, 382, 3S4, 395) 595^ 
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Nitrogen in atmosphere, 
291. 

■' — ■ absorption of, 292, '384. 
—’of parasites, 37,2, 

N itrogenous compounds, 2 9 1 , 

. 34 . 5 « ■ ■ 

— food of fungi, 384. 

— reserve-materials, 401, 

— substances in parasites, 
&c., 372. 

Noctuniai position of floral 
envelopes, 625, 642; 
of leaves, 625""63o,'634- 
; 638,646. 

Nodes, 128, 454, 

■ — geotropic , curvatures of, 

■ 687, 688. 

Non-celliilar Algse, 70, 365, 

, 425, 492^ 732, 734 j 776. 

— plants, 109, 569. 

-- • — anisotropy of,, 700. 

geotropismof, 679,680, 

697. 

growth of, 540, 543. 

heiiotropism of, 697. 

Non - nitrogenous reserve- 
materials, 332, 344, 400. 

— substances in parasites, 
&c., 372. 

Non -sexual swarmspores, 
728, 733 > 759 * 

AhstoCf 392 , 

Nostocacex, 107. 
Nothochbrna^ 186. 
Kothoscordofi fragrans, 86, 

104 , ■ , 

Nucellus of ovule, 465, 751, 
752 , 754 ? 755 ? 7^0, 766. 
Nuclear disc, 103, 

— division, loi. 

— filaments, 102. 
poles, 102. 

— spindle, 103. 

— substance, 206, 770. 
Nuclei, 78, 86, 326. 

— crystalloids in, 335* 

— of pollen, 761, 771* 
Nuclein, 87, 102, 109, 419, 

422, 770-772. 

Nucleoli, 86-102. 
Nucleoplasm, 87, 103. 
Nucleus, 73? 77 ? 87, 319? 4 n? 
419, 422, 563, 645, 652, 
770. 

. — of embryo-sac, 762. 

— of oosphere, 772. 

Number of stomata, 251. 
Ntiphar^ 126, 706. 

Nutation, 546-548, 671, 672, 

— of stamens, 548. 

- — of tendrils, 661, 664, 666, 
667. 

— of twining plants, 669, 
670. 


Nutrition, 190, 198, 282, 289, 
292, 297,302, 328, 366, 

411. 

•—of fungi, 367, 380-381, 

383, 383, 385? 389. 

— — humus-plants, 374. 

— independent of growth, 
411,412. 

— of insectivorous plants, 

374. 

— of parasites, &c.j 368, 369, 
372 - 

Nutrition of schizomycetes, 

384. 

— of yeast, 386. 

Nutritive materials, 252, 282, 

287, 383, 508, 5II, 512, 
579 ? 748? 753. 

— organs, 282. 

— salts in soil, 259, 262. 

— solution, 228, 284, 286, 
291, 383. 

— substances, absorption of, 

246, 264, 287, 366. ' 

Nycandra, 780. 

Nyctaginese, 780. 

Nymphxay 706. 

— alba, 51, 642. 

■ — micrantha^ 478. 

— siellata^ 405. 

Nymphseacese, 125. 

O. 

Oak, 43, 176, 204, 225, 229, 

288, 357, 388, 506, 507, 
510? 537 ? 581, 584? 704* 

galls, 204, 537. 

Oat, 338, 687. 

Object of fertilisation, 798. 
Oblique septa, 454. 

Occluded buds, 475. 
Octant-cell^, 446, 743, 764, 
Odours, 184, 

{Edogonium^ 33 ?^® 4 ? 787? 788. 

— 33, 82. 

— fertilisation of, 775, 77^* 
(Enanthe phellandrlum^ 130. 
(Ef20theray6^o, 

CEnotherae, 780.. 

Oidmm^ 786. 

Oil, 319. 

— of bitter almonds, 342. 

— of mustard, 342. 

Oleander, 52, 312. 

Oncidium mkrochilum, 789, 
Onion, 43, 59, 62, 310, 333, 

335 ) 350, 357 ) 546) 572, 

689. 

— 701 , 

Onorpordon acantbium, 405. 
Oogonia, 724, 732, 733 ) 734 ) 
736, ,772, 775-778, 788, 
789. 
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Oosphere, 98, 108, 447, 463, 
480, 484, 538, 60s, 724, 
730, 731, 732, 734, 736, 
737) 742, 747, 749-751, 
754, 755, 760, 764, 767- 
778,780,788,789,800. 
Oospore, 734, 743, 762, 766, 
767, 800. 

Opening and closing of 
flowers, 599, 641, 

of stomata, 249. 

— of flower-buds, 397. 
Operculum, 739. 
Opbioglossese, 472. 
Ophioglossum, 

— niulgaium^Zl, 

Opbrydese, 24. 

Ophr^s, 43, 332. 

Opium, 172. 

Optimum point for light, 195, 
302. 

forevolution of oxygen, 

306. 

for temperatures, 192, 

395. 

— velocity of growth, 552, 
560. 

Opmtia, 54? 70, 159? S^i? 
517, 518, 519? 520, 523, 
527. 

— crassa^ 517 . 

— Ficus -mdica, 517. 

518. 

Opuntiae, 18 r. 

Oracbe, 299. 

Orange, 183, 329, 802. 
Orange light, 303, 638, 696, 

697. 

Orchideae, 62, 367, 369, 538, 
660, 763? 789? 791 - 
Orchids, 25, 1 1 4, 177? 433? 
778. 

— pollination of, 796, 797. 

— saprophytic, 63, 

Orchis, 180. 

Organic acids, 329? 385- 

— centre of organs, 482. 

— compounds, 206. 

— substance, 226, 289, 290, 

293, 323, 355, 366, 422. 

— nutritive materials, ab- 
sorption of, 366. 

— substance, absorption of, 
398, 368, 374- 

— substance destroyed in 
respiration, 400. 

— substance, formation of, 
296.- 

origin of from starch, 

326. 

Organic substances, physio- 
logical significance of, 
329 ‘ 

Organisation, 509, 510, 704. 
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Organised ferments^ 347« 

— substance, 206, 312. 

Organisms, plasticity of, 515. 

Organography, i, 72, 368, 

424, 425, 429, 476, 478, 
5x2, 575? 702, 721, 722, 

■ ■ 745 - ' 

Origin of carbon-compoimds, 
,' 325 -. 

— of fats, 3 2 3. 

— of proteids, 32^, 325, 

— of roots, 477, 525- 

— of sexual ceils, 787. 

— of starch in chlorophyll, 
309* 

OrnithogaUiim umhellaium^ 
641. 

Orobanchace3e,36S,572, 373, 
476, 765. 

Orobanche, 14, 63, 399, 

— 443 , 

— ^peciosa, 368, 

— Teucriiy 

Orthogonal trajectories, 447, 
457 * 

Orthotropic organs, 504, 547, 
685, 698, 703-705? 709? 
7 XX, 713? 740. 

— and plagiotropic organs 
contrasted, 705. 

Orthotropism, 485, 489, 490, 
492, 493> 494? 500, 706, 
707, 709. 

Orthotropous ovule, 760. 

Oscillarise, 107. 

Oscillations of temperature, 
406. 

Oscillatorieae, 604, 606. 

Osmometer, 214, 275. 

— 276 . 

Osmose, 211, 2 Sr. 

Osmunda regalis, 51, 744. 

31 , 624 . 

Osteolite, 263. 

Ovary, 463, 651, 758, 739, 
778. 

Ovule, 431, 463, 465, 75 ij 
752) 754-756, 757-760, 
766, 773, 778, 800. 

— conversion of growing- 
point into, 465. 

Oxalate of lime, 177,291, 320. 

Oxalic acid, 328, 384, 

significance of, 325, 

Oxalideae, 199, 623, 626. 

Oxalis, 183, 593, 598, 625, 
626, 63:, 633, 642, 647, 
790 - 

Oxalis acetosdla, 620, 627, 
649, 791. 

— 620 . 

— carma^ 6S2, 6SS. 

— micrantha^ 791, 

— Ortgissii^ 316 . 
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Oxalis rosea^ 642. 

— sensitima^ 791. 

— %mldi‘viensisy 642. 
Oxamide, 384. 

Oxidation, 296, 581,400, 403 . 
Oxy-acids, 402. 

Oxygen, absorption of, 595, 
398. 

— evolution of, 195, 248, 
264, 297, 303, 397. 

— and fermentation, 386. 

— importance for growth, 

397. 

in nutrition, 287, 290, 

293? 3 ^ 2 . 

— in plants, 202, 206, 296, 
317,324,526. 

— necessity of 396, 595, 611. 
' — -respiration, 395. 

— rigor in, 595- 

— volumes absorbed in re- 
spiration, 398, 

P. 

Pmniay 323. 

Paeony, 759, 760. 
Palissade-cells, 321, 536. 
Palm, 12, 37, 45, 46, 58, 130, 
144, 156, 178, 200, 325, 
230, 334, 335, 353, 417, 
461, 465, 470, 510, 70% 

798. 

Palm, 4 : 6 , 127 . 

Palmellaceae, 299, 324. 
Pandorina Morumj 728-730. 

— 729 . 

Papa*ver Rhmasy lys, 

— sominfemmj 172, 399, 48 3. 
Papaveraceae, 1 71, 173, 780. 
Papayotin, 173. 

Papilionacese, 371, 496, 497, 

780, 791, 794. 

— leafless shoots of, 55. 
Pappus, 125, 147. 
Paraphyses, 726, 

Parasites, 2 3, 25, 63, 203, 251, 

253? 292, 298, 3^^? 3f>7? 
392? 534 * 

— abnormalities induced by, 
368. 

— absorption by, 372. 

— action of, 368. 

— compared with seedlings, 
373 - 

— tood-matermis of, 373, 

— Internal, 370, 37X. 

— embryo of, 765, 766. 

— nutrition of, 3 68, 369, 372. 
— ^respiration of, 399. 

— starch in, 372. 

— substance of, 372. 
Parasitic fungi, 3S1, 388, 389, 
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ParasitiC' phanerogams, 370,' 
372 ,. 47 < 5 , 511? 534 - , ■ 
Parasitism, 25, 65, 367, 766. 

— oiC'Uscutay 27 , ' 

— degradation due to, 368, 
370.^ 

— of Diotmay 376. , 

— of . Insectivorous plants, 

377. 

— of mistletoe, 25. 

— of Pinguiculay 57S. 

— of Nepenthes y 379. 
Parastichies, 497, 498, 500. 
Paratonic effects, 6 2 8, 629, 

637-640. 

Parenchyma, 141, 149, 169, 
216, 232, 288, 325, 330, 
355 * 4 Xf>? 423? f>26, 630- 
<^34? 645? 632, 655, 

— phloem, 138. 

— pressures and strains in, 
363c, 569-572,? 

— xykra, 138. 

Parental characters, blending 
of in hybrids, 779, 7S2, 
Parktaria d^usay 792, 

Paris quadr^oliay 60. 

— 4:06. 

Parthenogenesis, 767, 769. 
Partial growths, 544, 569, 
'685. ■ 

Passi/iora gracUisy 66 1 , 666. 

— serratifoliay 400. 
Passiflorese, 56, 658, 660, 66 r, 

780, 794. 

Passion flower, 56. 

Pasthmcea satNay 425, 
Patschouli, 185., 

Pea, 56, 263, 314, 313, 354, 
337 ? 397 ? 39 ^? 4 » 5 ? 

759 ? 

— 17. 

Pear, 146, 781. 

Pectin aceous substances, 
32S. 

Pediast runty 429, 4 84 . 

— gramdatimty 428, 
Pedkuiarisy 760, 794* 
Pelargonium y 185, 792. 

Pellmy 608. 

Peltate hairs, 12^, 

Peitigera caninay 707 , 

— hormontaiky 34. 

Pmkiiiiim gkiiicumy 75, 281, 

722, 79S. 

Pmiasiemony 7 So. 

Peperomktf 582* 

Pepsin, 378. 

Peptones, 342, 34 S, 349 »J 77 , 

Peptonising ferments, 173, 
343 ) 345 ) 363 ) 376 ) 378, 
^ 379 ) 389- 

Perennial plants, 330. 
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Periblem, '420. ,, 
Pencamblum, 169. 

Pericarp, 147. ■ 

Periclines, 439, 440, '445, 
449 j 452, 454) 457) 458, 
469,'.743,764- 

— in solid organs, 447. 

— 'sequence of,' 443, 

— suppression of, 442. , 
Periderm, 45, 165, 226, 246, 

574- ■ 

— of monocotyledons, 170. 

— of roots, 169. 

Perigone, 736. 

Period of vegetation, 411. 
Periodic movements, 395, 
625, 625, 627, 628, 635, 
636, 640, 641. 

spontaneous, 59O} 593? 
594) 598) 599, 627, 628, 
635-638. 

— oscillations of tempera- 
ture, 406. 

— variations in growth, 539, 
541, 549, 556, 559) 5<5 o. 

Periodically motile flowers, 
59^5, 599, <>33, 625, 641. 
Periodicity, 199, 35 1, 537, 
599,623. 

— of growth, 558-560, 599. 

— of movements, 62 3, 626, 
^35-’638, 

— of root-pressure, 273, 599. 
Peripheral growth, 158. 
Peristome, 150, 739. 
Permanent tissue, 419, 425, 

440, 4^5, 467, 479- 
conversion of embry- 
onic into, 466. 

converted into embry- 
onic tissue, 480. 
PeronQspora'viticola^ 786. 
Peronosporeas, 370, 390,777. 
Petals, 497. 

Petasttes albus^ 52. 

Petiole, 53, 471, 482, 506, 
547, 569, 571, 575) 623, 
624, 626, 630, 633, 639, 
644, 646, 695. 

Petioles as tendrils, 659, 663. 
Petroleum, 294. 

Petunia nyctaghitflora^ 178. 
Peziza eonnjexula^ 98 . 
Fhseosporeae, 429, 435. 
PhajuSfii6, 

Phallus impudkusy 428. 

— 427 . 

Phanerogams, 492, 496, 497, 
508, 512, 538, 620, 621, 
623, 746, 748, 7,51, 754, 

75^, 771, 778, 789, 790, 
798. 

— calcium carbonate m, 178. 
oxalate in, 175 • 


Phanerogams, cell-division 
in, 435. 

— and cryptogams com- 
pared, 751, 756. 

— dormant periods, 352. 

— embryos of, 443. 
epidermis of, 1 1 6. 

— fertilisation, 108. 

— growing point, 458, 468. 

— hybrid, 780. 

— laticiferous vessels of, 1 7 1. 

— parasitic, 476, 511, 534. 

— parasitism of, 368, 370, 
372. 

— receptacles for secretions, 
176, 

— respiration, 408. 

— saprophytic, 371,511. 

— seedless, 802. 

— tissues of, 149. 

— vascular bundles, 126. 
Pharhtiis bederacea^ 672. 
Phaseolus^ 56, 179, 193, 283, 

53I) 533, 593) 625, 669. 

— multifloruSi 90, 136, 168, 
629, 704. 

■ 194, 313, 505, 540, 

542) 543- 

— nsulgarisy^i^, 

— 629. 

Phases of growth, 411,414, 
416,420,423,425,437. 

the three, 414, 417, 

418,424. 

Phelloderm, t66. 

— of roots, 169. 

Phellogen, 165. 

Philodendron^ 2^, 316, 571. 

— grandifolia, 316. 

Phloem, 45, 1 3 1, 157, 160, 

330, 355, 360. 

— general characters of, 1 3 3 . 

— parenchyma, 160, 163. 

— rays, 159. 

— of roots, 168. 

Phcenix dactylifera, 344. 
Phosphates, 202, 226, 253, 

254, 262, 284, 287, 334. 
Phosphorescence, 395, 406. 

— its dependence on oxy- 
gen, 407, 408. 

Phosphoric acid, 79, 260, 320, 

385. 

— in sap, 274. 

Phosphorus, 289, 290, 383. 
Photometric methods, 301, 

554- y 

Phototonus, 594, 628, 635. 

— of s warmspores, 612. 

Phycomycesy$bt9i ^oo^TiS. * 

— VOL 

— nitens^ 561. 

5,280. 

Phycomycetes, 34) 732- 
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Phyllanthus^ 55, 511. 
PbyUocactuSy S4i 511, 780. 

— Phylianthusj 781. 

PhyllocIadusy$s* 

Phyllotaxis, 483, 486, 487, 

493) 494) 495) 496, 499, 
500, 501, 714. 

Phylloxera^ 786. 

P hy sails ^ 780. 

Physarum alburn^ 613. 

Physcia parietina, 392, 
Physcomitrium fasciculare^ 

' 780. ^ , 

— pjriformey^Zo, 
Physiological classification 

of products of metabol- 
ism, 323, 329. 

— labour, 171. 

— nature of organs, cell- 
division independent of, 
433, 435- 

— significance of respiration, 
403- 

Physiology, 189, 414, 515, 
650, 

Physma chalaganum^ 392. 
Phytelephas, 335, 344, 763. 
Phytophtbora infest ans^ 369, 

, 381, 390- 

Picea excelsa^ 
Pigment-bacteria, 387. 

Pilea^ 790. 

Pileus, 427, 700. 

Pilobolus, 335, 

Pilostyles, 370, 

Pilulariay 44, 494, 608, 

— globulifera^ 493. 

Pine, 37, 75, 166, 180, 225, 
237, 266, 268, 327, 369, 
389, 464, 472, 500, 579) 
581, 584, 703, 754) 756. 

— 420, 464. 

cone, 499, 758. 

wood, 327. 

Pinguicula^ 124, 335, 378, 

706. 

— vulgarisy 435. 

Pinus, 182, 331, 351, 465, 
678.^ 

— austriaca^ 581. 

— Pinaster y 118, 143. 

— Pineuy 32V, 753. 

sylvestriSy 112, 

160, 236. 

Piperaceae, 180, 231, 465. 
Piptocephalis Fresenianay 370, 
735, 736. 

370, 725. 

Pistacia terehinthuSy r8i. 

Pisum sativumy 56, 

17,333. 

Pitcher-plants, 378, 659. 

Pith, 330, 359, 564) 569) 57^, 
572, 574) 581, 630, 634. 
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Pith, elongation of, 572, 573* 
Pit-canals, 92. 

Pitted” vessels, 136. 

Pits, 92, 423. 

. — bordered, 137, 160, 237, 
4^4* 

Flagiotropic organs, 698, 
■ 703-705,711. 

— organs, rolled up, 706, 
707, 709. 

— and orthotropic organs 
contrasted, 705. 

Plagiotropism, 489, 492, 494, 
709, 710, 712, 713, 714- 
Planariae, 298. 

Plantago lanceolata^ 129. 

— major ^ 220. 

— media^ 793 . 

■ — psyllium j 90. 

Plant-life, external condi- 
tions of, 189, 

Plants in the tropics, 197. 
Plasmodia, 82, 429, 604, 

615. 

— irritability to light, &c., 
.615. 

— movements of, 614. 
Plasrnolysis, 213, 567, 568, 

617,653. 

Plastic substances, 326, 329, 
413, 767. 

active and passive con- 
ditions of, 341, 

translocation of, 329, 

353, 357; 361. 

PJatanuSf 1 66, 2 7 9 . 

Platy cerium Willrngkii^ 32. 
Plectranthus fruticosus^ 121 . 
Plerome, 143, 420. 

Plum, 90, 147. 

Plumule, 3, 41, 332, 344, 414, 
* 492.305,680,694,702, 

712, 717, 753 , 764- 
Pogostemon patschouli, 185. 
Polarity, 481, 484, 4S5. 
Polemoniacese, 780. 

Pollen, 76 r, 789. 

— nuclei of, 761, 771. 

— protection of, 797^ 

— grain, 76, 92, 98, 99, 739, 
ISh 754; 756, 757, 758, 
760-762, 769, 778. 

— — 762.. 

development of, loi. 

mother-cells of, 433. 

— — sterile cells of, 756. 

sacs, 757, 760. 

--tube, 751, 754, 755, 75<5, 

7-5^; 760, 762, 76S, 771“ 
773; 77S. 

Pollination, 329, 535, 538, 
754; 757, 760, 78 X, 790; 
793. 

— of Arhiolochia^ 792-794. 


Pollination of Orchids, 796, 
797* 

— of Salvia, 794* 

— oi Viola tricolor, 794, 795. 
Pollmia, 796. 

Pollinodium, 726, 727. 
Polygonaceas, 55, 186, 419, 

465, 470. 

Polygonatum, 60. 

— multijlorum, 61 . 
Polygonum, 640. 

— dumetorum, 672. 

— fagopyrum, 283, 

■ — scandens, 668, 

— Sieboldi, 543, 685. 
Folypodium vulgare, ISl. 
Polyporus borealis, 388, 

— dryadeus, 388, 

— fidvus, 388, 

— ignarius, 388. 

— mollis, 3 8 9. 

— sulphureus, 388. 

— vapor arius, 388. 
Polysiphonia, 335* 

Poplar, 146, 186, 225, 229, 

319, 578, 582, 584, 703* 

Populus, 177, 319. 

Porosity of wood, 238. 
Porous bodies, 243. 
Portulacca, 640. 

Position of reproductive 
organs, 787. 

Positive geotropism, 679- 
681, 689-691, 703. 

— heiiotropism, 693-695, 
697, 703, 709, 712, 713, 
714. 

— hydrotropism, 717. 
Post-embryonic configura- 
tion, 528. 

— growth, 503. 

influence of environ- 
ment on, 516, 528, 536, 

537. 

Potamogeton, 297, 701. 

— natans, sr. 

Potassium myronate, 342. 

— salts, 202, 2265 252, 260, 
262, 284, 287, 389, 290, 
291,320,383. 

— — in sap, 274. . 

— sulphate, 342, 

Potato, 58, 830, 888, 387. 

— 59, 165, 169, 273, 274, 
277, 278, 314, 316, 326, 
333; 337, 339i 35o, 363, 
369, 390, 504, 507, 535, 
722, 798; 799* 

disease, 369, 381, 

Potentilia, 7 So. 

Precipitation membranes, 
.214, 

Pressures on sieve*tubes,&c,, 
360, 


Pressures as a stimulus, 503, 
515; 617. ■ 

— and strains in cortex and 
wood, 574 - 579 * 

— in tissues, 362, 437, 581, 
583. 

Prickles, '57; i23; 2S9. 
Primary*' embryonic tissue, 
' 4 ^^' 

leaf, 747 ; 764* 

^ — meristem, 419, 770. 

— root,, 418, 689, 690, 703, 
747 ; 75 ^ 2 ; 753 ; 764. 

— shoot axis, 74,7, 753. 
Primordial leaf, 506. 
Primrose, r86. 

Primula auricula, .x86, 

— elatior, 781, 

— farinosa, 

- — marginata, 1S6. 

— ojicmalis, 

— sinensis, 129, 1S4, 279, 
790. 

184.' . 

Primuiaceic, 780, 790. 
Products of assiniilati<»n, 156, 
299 ; 3 ^ 4 ; 3 ^ 7 ; 357 ; 403 ; 

533,763* 

first visible, 306, 309, 

318. 

metamorphoses of, 323. 

Products of degradation, 

328,329. 

— of fermentation, 348. 

— of metabolism, 316, 3 25, 
330, 357 * 

Pro-embryo, 735, 764. 
Progressive development, 
467, 46S. 

Propagation of stimuli, 5'96- 
59S, 646, 649, 662, 

663, 

— vegetative, 477 , 723, 79 ^, 
800'. 

Properties of hybrids, 7S2- 
784. 

— of parents transmitted to 
offspring, 779. 

— of wood, 234, 243. 
Proportions of ash-constitu- 
ents, 290. 

— of salts absorbed, 2S7. 
Prosencliyma, 146. 
Protandrous flowers, 792. 
Froteacca', 146. 

Protection of growing-point, 

462. 

— of pollen, 797. 

Proteid reservc-tnaterJals, 

332, 345. 

substances in parasites, 

&c», 372. 

— — absorption of by insec- 
tivorous plants, 374. 
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•Proteids, 79.5172, 175, 206, 284-, 
2S9J 290, 307, 318, 323, 
339, 332, 334 j 341 ? 348, 
349 ? 355 , 3di, 3 ^ 3 , 3 ^ 9 , 
38.1, 384, 387, 4005 40I5 
■ 4<^3j 422, 566j 763. 

— ^ circulating,.. 325. 

— decomposition of, 402. 

— fermentation of, 342, 343. 
in sap, 274, 333. 

— metamorphoses o.f, 326. 

— o.rigm ot; 324, 346. '• 

■ — and respiration, 402. , 

— in sieve-tubes, 325. 
Prothallia, 742, 7.43, , 744, 

74.7-730, 752, 755, 800. 
Prothallus, budding from, 
8oi< 

— of fern, 458, 461, 466,491, 
525, 619, 772-774, 788, 
789. 

— reduced, 756, 760, 800. 
Proiococcus ^ yhidts ^ 392 . 
Protogvnous flowers, 792. 
Protonema, 50, 67, 479, 527, 

735 , 739 - 
-- 29 , 68 , 479 . 

Protoplasm, 73, 78, 289, 290, 

309, 316, 319, 323, 332, 
355, 402, 4 ^ 3 , 419, 422, 
613, 614, 615, 638, 639, 
645, 652, 654, 767. 

— action of water on, 617, 

— composition of, 79, 206. 

— destruction of, 528. 

— dormant, 402. 

— during division, loi. 

— and fermentation, 349. 

~ irritability of, 587, 599, 

603, 655. 

to external agents, 

6r6, 617, 620, 621, 

— movements of, 81, 194, 
395, ^03, 606-608, 615- 
617, 631. 

— regeneration from, 721. 
--- as a regulator of diifusion, 

212, 

of osmosis, 275. 

— respiration in, 401. 

— structure of, 84.^ . 
Protoplasmic utricle, So, 

213, 25X, 27s, 563, 566, 
568, 653, 654. 

Prunus ^ 184. 

— avium ^ 281. 

— cerasifera ^ 439 . 

— lauro ’- cerasus , 184, 281. 
^ padus ^ 507? 508. 

Prussic acid, 343. 
Pseudo-chlorophyll corpus- 
cles, 317. 

endogenous buds, 475,* 

479 * 


Pseudo-fruits, 464. 

Psilotum^ 70, 510. 

Psoralea hirta^ 185 . 

— ■— 185. 

Pteris aquilma^ 60^ 1 29, 462, 
471,699. 

60 , 87 , 89 , 129 , 134 , 

138 , 144 , 146 . 

— aurata, 

— cretica^ 801. 

— Jlabellata, 119 . 

— hastata, 456 . 

— serrulata^ 772-774. 

- 771 . 

Pulque, 270. 

Purple leaves, 321. 

Purpose, 10. 

— of respiration, 403. 
Putrefaction, 348, 382, 385, 

386. 

Putrefactive fungi, 382, 386. 
Pyrola, 302. 

0 . 

Quamoclit luteday 672. 
Quantitative experiments on 
respiration, 399. 

— selection by roots, 287. 
Quantity of carbon dioxide 

respired, 399. 

— of embryonic tissue, 419. 

— of starch assimilated, 313, 
314. 

— of water in plants, 564, 

567, 573. 

Quince, 90. 

R. 

Radial cell-walls, 442, 452, 
457- 

— and dorsiventral shoots 
contrasted, 494, 705. 

— growth, 438. 

— organs, 486, 487, 489, 
490? 493, 494, 496, 500, 
502,546,698,704. 

rolled up, 706-709. 

— section of wood, 159. 
Radiation of heat, 404, 643. 
Radical leaves, 421. 

Radicle, 12, 332, 414, 689, 

753, 764- 
Radii, 482. 

Radish, 24, i6g, 

Rajiesiay 28, 63, 370. 
Rafflesiacese, 368, 370, 476, 

Rain-water, mtric ,acid m, 
263. 

Ranunculacese, 177, 780. 
Ranunculus y 660. 

^ — acery 483. 



Ranunculus Ficariay 24. 

Rape, 546. 

Raphides, 177. 

Raphidophoray 25. 

Rapidity of growth in length, 
569,571. 

— of protoplasmic move- 
ments, 606, 607. 

— of starch-formation, 3 1 1. 
Rarefaction of air in wood, 

267, 269. 

Rattan, 657. 

Ransenaluy 50. 

Reactions of aleurone grains, 
334- 

— of asparagin, 346. 

— of •chlorophyll, 321. 

— to environment, 204. 

■ — of starch, 337, 340. 
Receptacles for secretions, 

171, 175, 329. 

Receptive spot, 774-776. 
Reciprocal hybrids, 781. 
Rectangular intersection of 
cell- walls, law of, 433, 
434, 442, 456, 502, 743-. 
Red autumn-leaves, 319. 

— bacteria, 387. 

"T Beech, 759, 493, 506, 

— Bindweed, 533, 672. 

— Glover, 576. 

— colouring matters, 32a, 
328. 

— fruits, 320. * 

— light, 303, 638, 696, 697. 

— Pine, 505. 

— wood, 163. 

Reduced antheridia, 749, 
756. 

— forms, 6, 23. 

— prothallia, 756, 760, 800. 

— roots, 23. 

— shoots, 54. 

Reeds, 722. 

Regeneration, 508, 721, 723. 

— from cut organs, 520, 521, 
582,721. 

Regulation of transpiration, 
247. 

Relation of nucleus to cell- 
division, 107. 

— of roots to leaf-surface, 
156. 

to soil, 256. 

Relations between plants 
and animals, 202, 413. 
grovrih and arrange- 
ment of cells, 436. 
and cell - division, 

431, 435, 447, 449, 453* 

and configuration, 

450. 

Relations of position, 481, 
528, 681. 
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Relations between tendrils 
and supports, 666. 

— — twining plants and 
supports, 668, 671, 

Relative lengths of separ- 
ated tissues, 570. 
Renewal of vegetation, 41 1. 
Reproduction, 9, 721, 723, 

■ 749* ■ 

' — asexual, 728, 798, 799- 

— sexual, 725 ) 728) 733 > 
770, 798--800. 

— vegetative, 769. 

— of angiosperms, 756. 

— replacement of sexual by 
asexual, 802. 

Reproductive cells, 724, 732, 
767. 

mutual attraction be- 
tween, 772-778. 

-- organs, 8, 368, 463, 534) 
721-724, 735, 739, 741, 

745 ) 757 ) 779 - 

position of, 787. 

Reseda odorata, 497 . 
Reserve-materials, 24, 156, 
176, 284, 299, 310, 312, 
317, 319) 326, 328, 332, 
34I) 345 ) 357 , 3 ^ 3 ) 3 < 56 , 
373 ) 41I) 462, 508, 521, 
531, 534 , 535 ) 539 ) 564. 

employment of, 360, 

364- 

exhaustion of, 326, 

327. 

forms of, 332, 344. 

metamorphoses of, 

341 - 

re-invigoration of,342, 


352. 

in seeds, 332. 

— — storage of, 330, 364. 

translocation of, 320, 

360. 

Reservoirs of reserve- 

materials, 326, 330, 335, 
340, 343 . 358, 360, 508, 
. 535 - 

Resin, 124, 126, 172, 175. 

passages, iSi, 327. 

vesicles, 179. 

Resinous substances, 163, 
182. 

Resins, 183, 362, 403. 
Resistance to extreme tem- 
- perature, 192. 
Respiration, 294, 2 98, 300, 
328, 395. 402, 539, 593. 

— 308 . 

— of animals, 395, 397, 401, 
406. 

— carbon dioxide of, 397, 


399 * 

chemistry of, 402. 


Respiration, destruction of 
organic substance by, 
400, 402. 

— diminution of weight 
owing to, 300, 313) 327, 
400. 

— energy of, 396, 397, $99* 

— evolution of heat in, 403, 

405. 

— experiments in, 397. 
ifj ^ actio, 401. 

— in fatty seeds, 400. 

— of fungi, 385, 398, 401. 

~ of green organs, &c., 397, 

400, 406. 

— and growth, 399. 

— importance of, 396. 

— intramolecular, 395, 401, 
402. 

— light produced by, 406, 
408. 

— magnitude of, 399. 

— of parasites, 399, 

— in protoplasm, 401. 

— quantitative experiments 
on, 399. 

— significance of, 402, 403. 

— specific, 400, 

— temperature of, 397. 

— water of, 397, 400. 

Resting spores, 351. 
Retardation of growth, 199. 
by light, 535, 559, 

561. 

Retention of salts by soil, 
261. 

— of water by soil, 258. 
Reticulate thickening, 92. 

— vessels, 136, 160. 
Reversion of hybrids, 784. 
Revolving nutation of ten- 
drils, 657, 661, 664, 666, 
667. 

of twining plants, 657, 

669, 670. 

Rbamms, 266. 

— mthartim, 57, 425. 

— frangula, 162 , 229 . 

Rbetini, 485 . 

— undulatum, 466 . 
Rbinanthus, 28, 367, 369, 
Rhizines, 35. 

Rhizocarpeae, 492, 495. 

— reproduction of, 745, 756. 
Rhizoids, 23, 29, 35, 365, 

453- . ■ ■ 

Rhizomes, 60, 326, 330, 332, 
47 ^, '506, 534 ) 53^) 

57t, 7or, 721, 739, 
RMmmorpba^ 388, 407, 695* 
Rhizophores, 22, 25. 
Rbododendron, 

— ferugineum, iB$. 

Rhodora, 780*- 


Rhodospermin crystals, 335. 
Rhubarb, 51, 186, 216, 465, 
57'i.' 

— 485 ., 

Rhyne honema,^ 7 87, ■ . 
liibes, 124, 186, 

- — nigrum, ,165. 

Ribesaceae, 7'8o. ■ 

Rice, 337, 

Ruinus, 177, 181, 227, 271, 
32^) 334) 547) 373) 375) 
5i3) 574)%9» . 

— 158 . 

— communis, 315, 

laa, 136, 334, 374, 

764 . 

Rigidity of organs, 217, 631, 
<557* 

— of plants due to absence 
of oxygen, 396, 402. 

— of tissues, 21S, 565, 569. 
Rigor in irritable organs, 
593-“,59f>) ^23. 

Ring-bark, 166. 

Ringing of trees, 229. , 
Ripening of fruits, 320. 

— of seeds, 320, 323.' 
River-water, 288., 

RoMnia, 199, 285, 319, 425, 

478, 581, 623, 649, 656. 

— pseudacacia, 21 , 42 . 

Rocks, disintegration of, 

264. 

Rolled-up dorsiventral or- 
gans react like radial 
ones, 706-709. 

Root, 3, 113, 266, 275, 284, 
29S) 3'29) 330, 335) 344^ 
416, 417, 418, 423, 424, 
447) 45 T) 45f>,) 4 ^ 7 ^ 

474) 47 % 4^2, 485, 4S6, 
491, 492, 505, 508, 512, 
513)520, 528, 547, 563, 
5^4) 5^7) 5^9) 579) 

583, 678, 689, 690, 703, 
723,. , 

— absorption ,by, 246, 253, 

287. , , 

— activity of, 264* ^ 

— adventitious, 477. 

— cambium of, 168, 

— degraded, 369. 

— development of, 15, 41S, 
47'0) 53 2* 

— entrance into soil, 256, 

545 ) S 83 ) 702. 

— tunctioite of, 16 , 255. 

— geotropism of, 679, 680, 
6S9-691. 

— growing-points of, 476, 
689. 

— growth of, 17, 423, SJ9, 
S<JI, 54 5, 544. 533- 

— — in thickness, 155, |68, 



Root, heliotropism of, 695, 
694. 

— length of, 13, 512, 513, 

— inO'Vement of, 21. 
—.primary, 23, , 747, 752, 

755j764. 

— sensitiveness' of, 16. 

^ — shortening of, 19,, 576. 
—'structure of, '15, 

— tap, 23, 

— xylem and phloem of, 1 68. 
RootsofaIga2,29,3i, 33, 255. 

— of aquatics, 14, 23, 255, 

— of aroids, 24. 

• — of coniferas, 23, 

— of ferns, 31.' ' 

— of fungi, 33. 

— of hepaticeie, 31. 

of land-plants, 246, 255. 

— of lichens, 34, 35, 394. 

— of mosses, 29. 

— of parasites, 23, 25, 369. 

— aerial, 13, 14, 522, 523, 
660, 693, 704, 711. 

— aeration of, 2 56. 

— development of, 523, 744. 

— effect of temperature on, 
264, 

— hydrotropism of, 7 1 5-71 7. 

— irritability to contact, 
715, 716. 

— lateral, 17, 284, 416, 476, 
677, 699, 704, 705. 

— geotropisin of, 707, 708. 

— metamorphosed, 23. 

— relation to leaf-surface, 
15^, 255. 

, — to leaves, 512, 513. 

— relations to soil, 256. 

— regeneration from, 721, 

, 733- • 

— rudimentary, 2 5. 

■ ™ selective power of, 287. 

— space occupied by, 1 3, 

.■■■,.513. ■ ^ ^ 

— tissue-tensions in, 575. 

— typical, 1 1. 

— vascular bundles of, 126- 
I 35 * 

Root-cap, 14, 416, 447?45 Ij 
45^>> 545> 583. 

fibres, 13, 14, iSj 4^8, 

forming substance, 519, 

531, 522. 

fungi, 388. 

hairs, 17-20, 25, 123, 

374? 5^2, 514, 524-“ 
526, 582, 695,710. 

absorption by, 257, 

262, 274. 

action of, 263. 

attachment to soil, 

257? 259* 


INDEX, 

Root-hairs, excretion of 
acids by, 262. 

— — functions of, 255, 275. 

— — solution by, 262. 
Rootless plants, 62. 

Root-like shoots, 62. 

parasites, 232, 253, 534. 

— -pole, 484. 

— -pressure, 271, 274, 275, 
281. 

274 . 

conditions affecting, 

273,278. 

daily periodicity of, 

273. 

fluctuations of, 273, 

599* 

-in fungi, 281. 

measurement of, 274, 

277. , 

stock, 2 7 6, 3 00, 3 1 2, 3 3 o, 

343> 366. 

negative pressure in, 

277. 

— • — weeping of, 270. 

— tubers, 21, 23, 24, 517. 
Rosaceae, 463, 780. 

Rose, 463, 507, 537, 756. 

— of Jericho, 588. 

Rostelium, 796. 

Rotation, 82, 616--617. 

Royal fern, 744. 

Rubidium, 383. 

Rudimentary tissue, 141, 

149. 

— organs, 6. 

— vascular bundles, 15 1. 

— shoots, 65. 

— roots, 29. 

— reproductive organs, 723. 
Ruellia clandestma^ 791* 
Rumex, 124* 

Runners, 58, 478, 504? 7o3, 
708, 721, 798. 

Rujcus, 55, 511. 

— acuieaius, 55 . 

— hypoglossumj 49 . 

Rushes, 145, 219. 

Russell a juncea, 55, 

Rust-fungi, 381. 

Rutacese, 183. 

Rye, 337, 687, 790. 

S. 

Sabal, 702. 

Saccharomycetes, 385. 
Saccharum officinarum^ 117 . 
Sagittaria^ 43. 

Salep, 180, 

Salices, 780. 

Salix^ 177, 184, 784, 

—fragilis^ 236. 

— grandifoUa^ 51. 

50 , 128 . 
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Salicylic acid, 385. 

Saltpetre, 291, 325, 567. 
Salts, 79, 172, 202, 226,253, 
260, 262, 283, 296, 324, 
566. 

— absorption by roots, 262, 
287. 

— absorption and retention 
by soil, 260, 261, 

— ammonia, 292, 3 84. 

— as affecting transpiration, 
252. 

— essential in nutrition, 284, 
287. 

— in sap, 274, 280. 

— in soil, 259, 262, 287, 
Salvia^ 186, 

— 794 . 

— pollination of, 794. 

— hirtaj 791. 

— pratensis^ 794. 

Sahiniay 62, 442, 756. 
Salviniacese, 40. 

— reproduction of, 745. 
Sambucus, 186, 319, 

— Ebulus^ 129 , 

— nigra, 177, 179, 570. 

Sand, 259, 

Sandarach, 181. 

Santalum, 760. 

Sap, 274. 

— salts in, 274. 

Saprolegnise, 375, 381, 612, 

777- 

Saprophytes, 63, 366, 367, 
369, 371. 

Saprophytic fungi, 381, 

— Phanerogams, 371, 51 1. 
Sarcina, 387 . 

Sargassum, 69. 

— ‘vulgarum, 71 . 

Sauromatum, 699, 

Saxifrage, 280. 

Scalariform vessels, 137. 
Scale-bark, 166. 

Scale-leaves, 504, 506, 507. 

— converted into foliage- 
leaves in the light, 536. 

Scammony, 180. 

Scape, 418, 543, 546. 

Scarlet Runner, 505, 

629 , 630 , 688 . 

Schizogenous glands, 185, 
186. 

Schizomycetes, 384, 385, 
386. 

— 387 . 

Scirpus, 219. 

— cladium, 145. 

— maritimus, 70S. 

Scitarainese, 802. 
Sclerenchyma, 144, 1 81, 219, 

230, 423, 511) 569, 570. 
572- 
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Scler oblasts, i67, 
Scolopendnum) 51. 

ScopoUa atropoides^ 792. 
Scor^oneray III* 

— MspanicayVlB* 
Scrophularia nodosay ^^ 2 , 
Scrophularineae, 55, 760, 780. 
Sculpture of celi-wail, 92, 

isTv,': 

Scutellum, 373. 

Scybaliumy 64. 

Scyphantus ekganSy 669, 
ScytGnemay%§%* 

Sea water, 387-288. 

Second phase of growth, 414, 

417,437. 

Secondary cortex, 1 56, 163. 

— thickening, 155. 

— uses of excreta, 329. 
Secretion, 186, 376. 
Secretions, 172, 179, 328, 

339, 362. 

— receptacles for, 171, 175, 
329. 

-vesicles, 176, 179. 
Sections of organs, 432, 436, 
439, 442, 447. 

Sedges, 59, 319, 470. 

SeduMy 177, 321. 

— purpureuniy 119 . 
Seed-coats, 147, 753. 

— -leaves, 753. 

plants, 753, 7 

Seedless Phanerogams, 802. 
Seedlings, 366, 399,401, 4^4, 
531, 539 , 564, 575 , 581, 
584, 694, 702, 710, 712. 
—• absorbing organ of, 344. 

— compared to parasites, 

373. 

— fat in, 347. 

— ferments in, 343, 389. 

— geotropism of, 679, 692. 

— reserve materials in, 363. 
Seeds, 300, 312, 323, 326, 

'337, 330, 332, 334 , 335 , 
'■■ 357 , 364, 404, 41^, 414, 
465, 485, 538, 745 , 748, 
750-756, 763-766, 798. 

— composition of, 290. 

— contrasted with spores, 

753. 

— exalbuminoiis, 763, 764. 

— ferments in, 345. 

— germination of, 398, 742, 

752, 753. 

— reserve-materials in, 332, 
334 , 343. 

— ripening of, 321, 323, 352. 
Segment, 95, 100. 
Segmentation, 425, 483. 

— of Bacteria, 387. 
Segmented iaticiferous ves- 
sels, 173. 


Segments of apical-celi, 452, 
453 , 454 , 455 , 45^, 473 , 

545. 

Selagmelluy 25, 40, 301, 455 * 

— 19. 

— apical cell of, 452. 

— cauhsce?2Sy 750. 

— mmqiialifoUay 22. 

41, no, 149, 749, 

— Isevigatay 22, 

— Mariemiiy 22, 

— — 750. 

Selanigellse, reproduction of, 
74^,749,764. 

Selective power of roots, 287. 
Self-fertilisation, avoidance 
of, 787, 790 , 79 ^, 794 - 797 ? 

799. 

— -pollination, 791. 

sterile flowers, 790. 

Semper^vixmniy 321. 

Senedo umhrosusy 564, 572. 

— ‘Vulgaris y 640. 

Sensitive Plant, 644-649. 
Sensitiveness, 395, 

— of root, 16. 

Sepals, 497. 

Separating layer of autumn- 
leaves, 319. 

Septa, transverse, 432. 
Septum, 105. 

Sequence of anticlines and 
periclmes, 443. 

Sessile leaves, 53, 

Seta, 7 38. 

Sexual affinity, 781. 

— cells, mutual interaction 
of, 767, 770. 

differences between, 

768. 

origin of, 787. 

— organs,467,49i, 508,724, 

728, 734, 741, 769, 799. 

— reproduction, 107, 721, 
728, 733, 770, 798-800. 

of alg;e, 728. 

of Equisetum, 740. 

of ferns, 744. 

of fungi, 725. 

— — of mosses, 737. 

replaced by asexual, 

802. 

— swarmsporesjy 28,7 3 3,7 7 7. 
Sexuality, 780. 

— enfeeblement of^ 783. 

— object of, 799. 
Shade-plants, 302, 306. 
Shaking as aliecUng tran- 
spiration, 252. 

Sheathing leaves, 470. 
Shoot-axis, erection of, 686, 
687. 

— heliotropism of, 693. 

— primary, 753. 


Shoot, 3, 36, 37, 4i4r 424, 
447, 454, 457, 460, 467, 
474, 484, 505, 5<^8, 510, 
520, 538, 564, 569, 57 
5S1, 678,723. 

— development of,. 744. ' 

— geotropism of, 679, 680, 
690, 691, ' . 

— growth of, 41, 414, 42 1 , 
422, 540, 542-544. 

— ■ growing point .of, 425. 

— organisat Ion ■ of, 4 3 , 4 S.'i . 

— regeneration from, 721, 

723. 

— • vascular ■ bundles of, ■ 44, 
126. 

axis, 4, 38, 39, 45, 417, 

424, 4S2, 4S6, 492, 504, 
510, 51 1, 569* 570, 575, 
669, 674, 703. 

dorsi ventral, 435, 485. 

— of Fern, 45. 

— — respiration of, 400. 

axes, thickening of, 155. 

• forming substance, 5.19, 

52 522. 

— -pole, 484. 

— -system, 5.10. 

Shoots, adventitious, 4.73, 477,, 

■ 478. 

— climbing, 483, 489, 548, 
668, 669, 674, 675, 713. 

— creeping, 483, 485, 489, 
492, 678, 699. 

— exogenous development 
of, 475. 

— metamorphosed, 54. 

— of parasites, 63, 6. f. 

— plagiotropic and ortho- 
tropic contrasted, 494. 

— radial and dorsiventral 
contrasted, 494. 

of alga*, 54, 65, 69. 

— of fungi, 54? 7r. 

— of mosses, 54, 65. 

— of parasites, 63, 64. 
Shortening of root, 19, 575, 

576. 

— of tissues, S70-'572. 

Shrub, 510. 

SkyoSy 658, 661. 

Sieve-tubes, 135, 160, 163, 
IIS, 325? 555j 4t6, 423. 

— emptying of, 361. 

as places of origin of pro- 
telds, 325. 
pressures on, 360. 

Silrnty 640, 780. 

781. 

Silica, 88, 163, 360, 288, 289, 

, .3201 3.^.3. . 

Siliceous deposits, aSS. 

— skeletons, 288. 

Siiicificatlon, 289. 


Silver Fern, 1 8 6. 

-grain, 159, 439. 

Sinapis alba, 18, 693. 

399. 

Siphoned, 179, 3 55, 365. 
Siphonocladtum, Z2* 

Sizes of starch-grains, 3 36, 

— of stomata, 251. 

— of swarm-spores, 603, 

'■ "605.; 

Skeleton leaves, &c., 129. 
Skeletons, calcareous, 290. 

— cell, 319. 

— siliceous, 288. 

— starch, 339. 

— ^ wood, 159. 

Sleep-movements, 513, 599, 
625, 

— mechanics of, 626, 633- 
640. 

^ — uses of, 643. ■■ 

— of flowers, 199, 623, 641. 

— of leaves, 199, 623, 626- 
629, 635-640, 643. 

Slow movements of water, 

553. 

Smllax^ 56, 661. 

— sarsaparilla, 51. 

Smut of wheat, 381. 

Sodium chloride, 287. 

— ‘Salts,. 2 86. 

Soft-bast, 163. 

Soil, 256, 292, 295. 

— 257, 

— absorption from, 255. 

— absorption of water by, 

259. 

— absorptive properties of, 
261. 

— amount of water in, 258. 

— air in, 257. 

~ carbonic acid in, 263. 

— chemical compounds in, 
261. 

— composition of, 263, 287. 

— decomposition of, 263. 

— desiccation of, 258. 

— nutritive salts in, 259, 262, 
287. 

— relation of roots to, 256, 
512, 545, 583, 692, 702. 

— retention of salts by, 260, 
261. 

— of water by, 258. 

— structure of, 257, 

— sulphates in, 259. 

— temperature, &c.,of, 553, 

554. 

Solanace^, 178, 7 So. 
Solaneae, 177? 334? 573? 640. 
Solanum, 320, 780, 

— jasmmoides, 56, 659, 663. 

— pyracantha, 58. 

— atro-saaguineum, 58. 


. mmx . 

Solar-spectrum, 303. 
Solomon’s seal, 60. 

Solution, 207. 

— of minerals by root-hairs, 
262. 

— nutritive, 2 8 4, 2 8 6, 291. 

— of starch, 3 39. 

— and translocation of starch, 

312,313. . 

Soncbus oleraceus, 396, 

Sorrel, 329, 

Sources of carbon, 292, 294, 
384. 

— of hydrogen, 290. 

— of light, 307 

— of nitrogen, 291, 384. 

— of nutritive elements, 2 90, 

384. 

— of oxygeoj 290. 

— of sulphur, 291. 

Space occupied by roots, 13. 
Sparganium, 701, 708. 

— ramosum, 334. 

Spartium, 510. 

— junceum, 55, 70. 
Species-hybrids, 780, 783. 
Specific energy of assimila- 
tion, 3 1 2. 

— — of respiration, 400. ’ 

of irritable organs, 601. 

• — energies of nerves, 600. 

— gravity of wood, 240. 
Spectrum of chlorophyll, 

322. 

195,305. 

— of lithium, 236. 

— solar, 303, 697. 

Specularia perfoliata, 791. 
Spermaphytes, 756, 800. 
Spermatozoa, 604. 
Spermogonia, 724, 732. 
Sphagnum, 377, 465. 
Sphseri^, 375, 381. 
Sphs&roplea, 

Sphere-crystals, 336. 
Spindle-fibrillse, 103. 

Spirma sorbifolia, 487, 500. 
Spiral theory, 499, 500, 501. 
refuted, 495, 497. 

— thickening, 92. 

— vessels, 136. 

Spirillum, 387, 

Spirogyra, 104, 31 1, 453, 483, 

653, 723? 727-729? 772, 
776, 787. 

— 314. 

— jugalts, 33. 

— kngata, 727. 

Splint-wood, 163, 

Splitting ferments, 342. 
Sponges, 298. 

Spongy mesophyll, 536. 
Spontaneous generation, 4 1 2 . 

— heating, 395, 405. 
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Spontaneous periodic move- 
ments, 560, 590, 593, 
594? 59S, 599? 627, 628, 
635“638. 

Sporangiophore, 695, 700, 

^ 717? 740, 74^? 751. 

Sporangium, 465, 467, 724, 
740? 74^? 744? 746, 748? 

^ 750, 751? 756, 757. 

Spore-capsule, 738, 739. 

fruit, 746. 

— -plants, 753. 

Spores, 75, 98, 153, 321, 323, 
326, 351, 352, 364, 386, 
428, 430, 484, 524, 525, 
527? 534? 535? 724? 725? 
726, 734, 740, 741, 761, 

769? 798. 

— asexual, 740, 768, 769. 

— germination of, 729, 741, 
742, 746, 748, 753. 

— mother-cells of, 433, 739. 

— and seeds contrasted, 75 3. 
Sporocarp, 746, 747. 
Sporogonium, 149, 723, 734. 

— development of, 738, 
Sporophytes, 756. 

Spring- water, 262. 

wood, 162, 230, 268, 578. 

Stachys, 59. 

— germanica, 124. 

Stamens, 469, 497, 652, 757. 

— irritability of, 395 , 505 , 

650, 651, 654, 655, 790, 

792. 

— nutations of, 548. 

Stapelia, 54, 203. 

Starch, 172, 284, 293, 307, 

319? 333? 332, 335? 347? 

355? 384? 403? 763. 

— carbon-dioxide necessary 
for its formation, 311, 

— chemistry of, 339. 

— direct formation in chloro- 
phyll-grains, 3 1 o, 3 1 1 , 3 1 8 , 
338. 

— disappearance in dark, 
309. 

— fermentation of, 343. 

• — iodide of, 310. 

— origin in chlorophyll, 309, 

315* 

— the origin of organic sub- 
stances, 326. 

— in parasites, &c., 372. 

— quantity formed, 312,313, 

3^4- , . 

— rare m fungi, 385. 

— reactions of, 337, 340. 

■— in seeds, 334, 343* 

— solution of, 339. 

— transformations of, 311, 
323? 328, 339? 343- 

— transitory, 325^ 357, 358. 
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Starchj traiislocatioii of, 312, 
313, 316, 325, 329, 358, 

363* 

. — ■ -bearing Jayer, 358. 

— -cellulose, 339. 

-— -forming corpuscles, 309, 
316/33S) 35S. 

—■ -grains, 77, 172, 290, 334, 

, 34^> 355, 362, ,645, 

— — compound, 315, 337. 
■— — concentric, 316, 338. 
development of, 315, 

316, 338. 

excentric, 316, 338. 

forms of, 337, 

growth of, 315. 

penetrated by fungi, 

389. 

semi-compound, 338. 

simple, 337. 

— — sizes of, 336* 

stratification of, 338. 

structure of, 337, 339, 

swelling of, 340. 

paste, 340, 

skeletons, 339. 

Starkebtldner^ 3 1 6. 

Stem, 330, 343. 

tendrils, 658. 

Stephanosphmra plu^vialis.^ 605 . 
Stereocaulon ramulosum^ 392 . 
Stereum hirsutum^ 388. 
Sterile cells of pollen-grain, 
756. 

— flowers, 791. 

Sticta fuligtnosa^ 391 . 

— pulmonaceay 393 . 

Stigma, 758, 760, 762, 778, 

789. 

— movements of, 792. 
Stimulation, 591, 60 r, 617, 

627, 644, 647, 649, 653, 
665, 685. 

— due to contact, 597, 60 1, 
■■■■ 602, 644. 

— due to electricity, 60 j, 
654. 

— due to injury, 582, 583. 

— due .to light, ''.199, 594, 
597, 601, 625-628, 638, 
653, 692, 694, 698, 702, 

705- 

— due to moisture, 702, 
717. 

— due to temperature, 597. 

— due to vibration, 597. 
Stimuli, 189, 395, 515, 516, 

591, 60X, 654, 681. 

— definition of, 590. 

— abnormal growth due to, 
'537* 

— combined action of, 627. 

— propagation of, 596-598, 
646, 649, 662, 663. 


Stimulus, definition of, 590. 

— and effect, dispropor- 
tionality between, 589, 
595, 597, 598. 

Stinging-hairs, 124. 

Stipule, 506, 507. 

Stolon, 58, 703, 721, 

Stoma, 249, 260, 

Stomata, 47, 97, 1:15, n?, 
167, 226, 279, 416, 423, 

525* 

— functions of, 248, 25 1, 26^. 

— mechanism of, 248. 

— opening and closing of, 
249. 

— of parasites, 251. 

— sizes of, 251. 

— subterranean, 251. 

— water, 1 1 9, 279, 
Stone-cells, 146, 167. 

fruit, 147. 

Pine, 752. 

Storage of carbo-hydrates, 
335- 

— of reserve -materials, 330, 
364. 

Stratification, 90. 

— of starch grains, 338. 
Stratiotesy 13, 255. 

Straw, 320. 

Strawberry, 58, 703, 722, 
Strelitzia, 50, 310. 

Striation, 91. 

Strontium, 383. 

Structure, 1S9, 503, 507,678. 

— of aleurone gi*ains, 334. 

— of flowers, 792-797. 

— of iaticiferous vessels, 173. 

— of leaf, 490, 49 X. 

— of leaf, influence of light 
on, 55^* 

— molecular, 205, 242. 

— of motile organs,629-634, 
645. 

— of root, 1 5. 

— of shoot-axis, 40, 

— of soil, 257. 

— - of stamen, 65 2. 

— of starch-grains, 537, 339. 

— of vascular bundle, 131. 

— of wood, 237, 

Struggle forexistence among 

organs, 509, 

Style, 548, 651, 652?, 758, 
762,778. 

— movements.' of,. 792. 
Stjiidwmf 596. 

Siypocanhny 435. ■ ■ ■ . 

— scQparkmy 436. 
Siib-epidermai glands 138. 
Siiberin, 88* 

Suberisation, 88, 90. 
Substance and form of, 

organs, 509, 521. 


Subterranean organs, 404. '' 
— - plants, 225. 

— shoots, 61. . ' 

— stomata, 251. 

Succinic acid, 348, 386, 
Succulence, 362. 

Succulent plants, 54, 5x0, 
Suction in wood-cells, 269. 
Sugar, 172, 307, 310,: 314, 

323 j 329? 335 j. 339 i 
34 343 ? 547 , 349 , 355 , 
357 , 3*53, 369, 3S4, 3S5, 
390, 400, 566. 

— in fungi, 583. 

— in sap, 274, 281. 

— ■ -cane, 117 . 

— -Maple, 359. 

Sulphates, 202, 226, 253-254,, 

262, 284, 287, 291, 324,1 

325* 

— in soil, 259. 

— of potassium, 342. 
Sulphur, 206, 284, 289, 290, 

293, 324, 325, 3S2. ‘ 

— sources oi, 291. ■ 
Sulphuretted hydrogen, 3S7. 
Sulphuric acid, 79, 324, 345. 
absorption by leaves, 

255 * 

- — - ..in sap, 274. 

Sun-flower, ii, 13, 199,225, 
S27,''22,9,' 2,44, 271, 274? 
V. '.37.6, ,.;277 , 293, "'309, 46i',. 
468, 5x3, 640, 692, 699, 
703 j 763* 

— 467, 574. 

Sun-light, 302. 

Supports of tendrils, 666. 

— of twining plants, 668, 
671. 

— twining without, 672, 673. 
Suppression of anticlines and 

periclines, 442, 458, 
Swarm-spores, 82, 107, 199, 
439, 484, 603-605, 612, 

^^3^ 775- 

— chlorophyll in, 603, 604. 

~ experiments with, 611. 

— irritabiiit) of to light, 60B, 

6 1 0-6 1 2, 613, 6214 696, 

— movements of, 604-608, 
777. 

— phototoniis of, 612. 

— non-sexual, 72B, 733, 739. 

— sexual, 7 J 8 , 7 B» 777. 

— sizes of, 603, 605. 

Swaying of tree-trunks, 579, 
Swelling of organised bodies, 

S07, 243. 

— of starch-grains, 340. 
Swollen cellulose, 180. 
SjfipMum perfoimtumy 570. 
Symbiosis, 54, 299, 390, 
Symphormrpusy 475* 


INDEX. 


Symphytum.^ 4g6. 

— 496 . . 

Synipodium, 6oj 466. 
Symihsa jympBorr a f 
Synergidse, 760, 771, 800, 

124, 186, 506, 507. 

— mdgarisj ;^gg. 

Systems of tissue, no, 113, 

T. 

Tamus ekphhntipes^ 668. 
Tangential growth, 438. 

— phloem, 164. . 

— section of wood, 159. 
Tannin, 176, 179, 321, 327, 

328, 388, 645, 652. 

vesicles, 179, 181. 

Taproot, 23, 

Taraxacum^ 642, 

— qffcmaie, 21, 174, 355, 
572, 574. 

Tartaric acid, 328, 384. 
Tartrate of ammonia, 383, 
386. 

Taxinea^ shoots of, 55. 
Taxus, 1 7 7, r 8 r , 3 2 1 , 

— baccata^ 751. 

~ — 752 . 

Teazel, 572, 576. 

163. 

Temperature, as affecting 
the bleeding of wood, 
266, 

evaporation, 228. 

— — movements of water, 
270. 

protoplasmic move- 
ments, 606, 608. 

root-absorption, 264, 

278. 

root-pressure, 278. 

transpiration, 253. 

weeping of root-stock, 

270. 

curve of, 305, 406. 

— effect on plant, 191, 194, 
593, 646. 

— of fermentation, 386. 

— of imbibition, 210. 

— influence on growth, 553, 
555« 

— periodic osculations of, 
406, 

— of plants, 404. 

— of respiration, 397, 

— of soil, 553 j 554* 

— as a stimulus, 597, 641. 

— effect of variations in, 
540, 54^? 549> 551-553? 
55<5 , 559? 5<5o, 625, 641, 
643. 

— of wood, 404. 
Tendril-plants, 56, 513,658. 

[ 3 ] 


Tendrils,,: 378, 533, 547, 571, 
596, 598, 599? <557? 658, 
659, 660, 667, 670, 673, 
675, 676, 689, 713? 716. 

— coiling of, 661-665. 
contraction of, 665. 

— curvature of, 66 r, 662. 

— diameter of, 666. 

— growth of, 664, 665. 

— heliotropism of, 667. 

— irritability of, 658, 659, 
661-666. 

— mechanics of, 664. 

— relations to support, 666, 

— revolving nutations of, 
661, 664, 666, 667, 

— thickening of, 663. 

— turgescence of, 665. 

— and twining shoots com- 
pared, 668, 674, 675. 

Tension of air in wood, 
268. 

Tensions and pressures in 
cortex and wood, 574, 
575? 577-579? 

— of tissues, 216, 437, 569- 
574? 583* 

Terminal buds, 466. 

— flower, 483. 

Testa, 752. 

Tetrads, 739. 

Tetrahedral cells, 434. 

434 . 

— apical-cell, 447, 456, 743. 

456 . 

^etrapbiSf 6By 722* 

— peiiucida, 722 . 

— lubrka^€oy^ 

Thaliophytes, 126, 171. 

— epidermis of, 1 2 1. 

Thallus, 8, 390, 393. 

Theca, 738. 

Thelepbora, 700 , 

• — perdrtx^ 388. 

Theory of ascent of water, 
238, 241, 

• — of descent, 516. 

— of fermentation, 349, 

— of geotropism, 691. 

— of growth, 689. 

— of growth by intussus- 
ception, 413, . 

— of heliotropism, 677, 695- 
696. 

Thermo-electric observa- 
tions, 406. 

Thermometric observations, 
404. 

^hesium^ 27, 367, 369. 

Thickening of the cell- wall, 
92. 

— of roots, 168. 

— of tendrils, 663. 


83.1 

Third phase of growth, 414, 
423,425. 

Thistle, 588, 651. 
Thladmntba^ 522. 

— dubiayZi^ 34, 516. 
Thorn-apple, 37, 130. 
Thorns, 57, 425, 466, 475. 
Three phases of growth, 414, 

417,418,434- 

’Ihuja^ 40, 758. 
7 hmbergia^€^g* 

Thyme, 185. 

Thymus vulgaris, 185, 

Ttlta platyphyllos ^ 446, 
Tiliacese, 180. 

Tissue, assimilating, 148. 

cells, 433, 453. 

— embryonic, 415, 417? 41S? 
419, 422, 423, 431, 440, 
445, 461, 466, 467, 473? 

477? 479? 480, 4S2? 7<55* 

— fundamental, 141, 423. 

— lenticei-, 167. 

— permanent, 419, 425, 440, 
465,466,467,479. 

— rudimentary, 141, 

— systems of, 141. 1 

tensions, 216, 437, 583. 

daily periodicity of, 

575- 

and growth, 569-574. 

in motile organ's, 631- 

633,648,649. 

in roots, 575, 576. 

transverse, 572, 574, 

580. 

Tissues, no, 423, 457? 753- 

— continuity of, 159, 469, 
475. 

— cortex, 158. 

— curvatures of, 217. 

— of cryptogams, 149. 
t — elasticity of, 319. 

— extensibility of, 230. 

— flexibility of, 220. 

— functions of, 355. 

— of lichens, 392. 

— pressure in, 363. 

— of phanerogams, 149. 

— rigidity of, 218. 

— shortening of, 570-572. 

— transport of materials in, 

355. , 

— of wood, 158. 

Toadstools, 71, 75, 152. 
Tobacco, II, 51, 325, 337, 

238, 329, 359, 262, 364, 
271, 274, 276, 277, 393, 
310, 312, 315, 513? 531? 
703, 742* 

— 435. 

Torsions, 548, 549, 669- 

673? 675? 676,714. 
Trachese,i37. 
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Tracheides, 137^ 160, 237, 
3 ^ 9 * 

Tradescantia^ 105, 126. 
albifioray 114 . ■ ' 
rubdia, 

Tragacantbj 180, 

Tragopogon^ 362. 
Trajectories, 439, 

Trametes pinti 388, 389. 

— radiciperda, 388, 389. 
Transformations of aspara- 

gin, 346. 

— of carbo-hydrates, 323. 

— of fats, 31 1, 328. 

— of proteids, 336. 

— of starch, 311, 323, 328, 
343 » 

Transitory starch, 325, 357, 
358. 

Translocation by diosmosis, 

363* 

— of fats, 347, 358. 

— of plastic materials, 353, 
355 , 357. 

— of reserve materials, 320, 

329,345. 

T" of starch, 312, 313, 316, 

^ 325, 329, 358, 363. 

Transmission of parental 
characters, 779, 
Transpiration, 226,244, 246, 
276,277, 511, 512. 

— 252 . 

— amount of, 228. 

— conditions affecting, 238, 
246, 351. 

' — of land-plants, 225. 

— light as affecting, 251. 

— moisture as affecting, 351. 

— purpose of, 253. 

— regulation of, 347. 

— salts in soil as affecting, 
252. 

— shaking as affecting, 252. 
— ■ temperature as affecting, 

, 253.' 

— work of, 229. 

Transverse folds on roots, 

576. 

— growth, 483. 

— sections of organs, 436, 
439 , 447 , 481, 482, 485, 
486, 488, 577. 

— section of wood, 444. 

— septa,, 433, 453, 

, — tensions in tissues, 572, 
574 , 580. 
rrapa, 352. 

— natans^ 351. 

702 . 

Traubes' cells, 315, 
Travelling of plants, 59. 
Tree-Ferns, 128, 144, 465, 

472, 741, 800. 


Tree-Ferns, ascent of water 
in, 230. 

— -killing fungi, 344, 369, 
381, 387,389,407. 

Trees, 5 10. 

— branches of, 580. 

— correlations in, 505. 
Tree-trunks, swaying of, 

579. 

buttresses on, 579, 580. 

Trichogyne, 726, 727. 
^rkhomaneSy 443, 

Tri/oBumj 593, 598, 630. 

— incarnatum, 594, 627. 

— pratensei 627, 637, 638. 
Trimorphic flowers, 790. 
^rkicum, 780. 

— 688 . 

— repens ^ 59. 

— n^ulgare^ 338 . 

781. , 

Tropmolum^ 56, 263, 379, 300, 

533 , 548, 659, 713, 724. 
--majus, 313, 523, 612, 

711. 

315 . 

— minus y 57 , 660 . 

Truffles, 152. 

Tubers, 21, 24, 59, 169, 298, 
300, 312, 314, 326, 330, 
332, 343 , 350, 357 , 366, 
4 P 4 , 462, 478, 504, 5 ^ 7 , 

534 , 732,798. 

— conversion into leafy 
shoots, 504. 

— of moss, 364. 

Tulip, 43, 59, 61, 335, 357, 
360, 534, 641, 642, 

Tulipa pnecox, 59 , 358 . 

— sil^estris, lyS. 

T ulip tree, 5 1, 506. 

Tur^ 294, 3 82. 

Turgescence, 212, 233, 250, 

255, 264, 275, 360, 362, 


Twining plants, relations to 
supports, 668, 671. 

revolving natations of, 

669, 670, 

and tendrils compared, 

668, 674, 673. 

— shoot axes, 548, 668, 669. 

: growth of, 669, 674. 

’ — irritability of, ,674, 

675- 

Ty loses, 58 1. 

T ypes of growth, 451. 

abnonnai, 425. 

"^p/Mf 7OI'. 

— /atiyh/iaf 312. 

Typical ceh-division, 1:06. 

' — forms, 6. 

of tissue, 1 1 5, 

* — growth in thickness, 1 57. 

— — 412. . . . 

— growing-point, 460. 

— roots, II. 

— shoots, 36. 

— ■ tendrils, 659, 660. 

— reproductive organs, 723, 
734 * 

— flower, 756, 757. 

Tyrosin, 345, 349. 

U. 

Udora, 297. 

Ulmeae, 1 80. 

Vlmus^ 279. 

XJloihrix^ 61 r, 612, 

— spedosa, 607. 

— zonula f 6 1 1 , 

— 604 . 

Ultra-violet rays, 696, 697. 
U/va^fni. 

Umbelliferas, 52, 181, 334, 
418, 470, 572, 703, 792. 
Unbninched plants, 472. 
Unfolding of leaf-buds, 397, 


55 ^? 554 * 547 * 

due to acids, 3 3 8 , 403, Unsegmented laticlferous 

566. vessels, 17 3b 


— and growth, 565-5691. 

Unstable crystals, 591, 

59 ^f 

572, 573 , 576, 581, 641. 

— and irritabiiity, 588, 599, 

593 * 

— equilibrium, 591, 

59 -h 

631, 633, 634, 635, 638, 

597 * 


639, 646-649, 653, 665, 

Upper-leaf^ 471, 506. 


689, 697. 

Urea, 3S4. 


Turnip, 24, 169, 343, 

Urticacesc, 124, 171, 

178, 


Turpentine, 389. 496, 7 So, 790. 

Twin crystals, 177. Urtka^ 4 SB. 


Twining, mechanics of, 670- — dhkat 169. 


673, 674-676. Uses of irritability, 655, 

— directions of, 668, 669. 656. 

— without supports, 672, Usma barbatUf 34 , 153 , 893 . 

673. Utricular- vessels, 179. 

— plants, 56, S13, 657, 660, Utrkiiiarm,4^, 335, 461, 492. 


668, 676. — %migariSf 6S7. 

— geolropism of,67 1 , 675. Utrkularw, 378, 
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Faccmum, 321. 

Vacuole, 80, 213,, 4.19. 
Vacuum,. , experiments on 
. plants, in, 401..:'' 

— rigidity of plants in, 395, 
'■ 396? 595 * 

'Vaginuia,'738. ■■ 

Valerian, 58.: 

F'alerkma officinal is j 58, 

“7 543 * 

Valerianece, 125, 

Valisneria, 675, 

Vallotiia^ 82. 

Variation, 9, 516, 799. 

— of hybrids, 783, 
Variations in growth, 539, 

54 549 , 55 h 552 , 556 , 
559 » 560. 

— in intensity of light, 541, 
55 h 552 , 554, 556, 559, 
560, 594, ^35-630, 634- 

• '639, 642. 

— in moisture, 551, 552/ 

< — of pressure in tissues, 361. 

— in temperature, 540, 541, 

549 ,' 551 - 553 , 556 , 559 , 
560, 625, 641, 642. 
Variety of fungi, 380, 

— “hybrids, 780, 783. 
Vascular bundles, 44, no, 

n4, 126, 157-159, 171, 

2t6, 230, 325, 416, 423, 
470, 569-572, 5S3, 626, 
630, 633, 634, 645, 649, 
65 »• , 

— elements of, 132. 

functions of, 230, 355. 

of leaves, 49. 

of Monocotyledons, 

170. 

— « — sheath of, r44, 316, 

— ~ of skeletons, 129, 

structure of, 130. 

— — transverse section of, 

UU 

^ Cryptogams, 1 7 1, 453 , 47 1 , 
473, 603, 800. 

— — fertilisation of, 108. 
heterosporous, 745- 

7 si 

— • isosporous, 739. 

reproduction of, 724, 

730-744* 

vascular bundles of, 

126, 

— plants, growing point of, 

460* 

Faucj^eruHf 70, 76, 82, 84, 311, 
426, 431, 543, 603, 604, 
607, 618, 680, 697, 73 1, 
732, 733 , 7B8* 

— terrestriSf SI. 
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Vaucheria sessilisy 108 , 733 . 
Vegetable acids, 172, 328, 
343, 403, 566. 
ivory, 335, 344, 763. 
Vegetation, aspects of, 197, 
411, 702, 

— period of, 41 1. 

Vegetative forms of fungi, 

387. 

— organs, i, 8, 72, 723. 

— propagation, 477,723, 769, 
798, 800. 

— region, 473. 

— repetition, 467. 

Velamen, 25. 

Velocity of ascending water, 
236, 

— of growth, 552, 560. 
Venation of leaves, 48, 51, 

128,233, 511, 705. 
Venter, 737, 738, 742. 
Ventral canal-cell, 737. 
Venus* Fly-trap, 376. 
Verbascum^ 2iy 124, 780. 

— nigrumj 

Vernation, 547. 

Vessels, 135, 160, 237, 274, 
288, 329, 424, 576, 578, 
581. 

— laticiferous, 171. 

Vetch, 56, 345, 660. 
Vibrations, effect on plant, 

221. 

— rigor due to, 595, 

— as stimuli, 597, 

Vibrio^ 387 . 

Viburnum laniana^ 52. 

Ficiaf 56. 

— Faba, 281, 283, 368, 539, 
541, 543, 691, 707. 

18 , 315 , 542 , 583 , 

692 , 708 , 764 . 

Victoria Regia, 406, 550, 
Vine, 52, 56, 177, 270, 274, 
278, 279, 519, 581, 658, 
660, 663, 666, 713. 

Vines, American, 785, 786, 

— cultivated, 785. 

— ■ hybrid, 784-786. 

Viola, 186, 789, 791. 

— canina, 791. 

— elatior, 791. 

— mirabilis, 791* 

— odor ala 

' — tricolor, 794, 

795 . 

Violet light, 303, 696, 697. 
Vtrgilia lutea, 475. 

Virginian creeper, 56, 663, 
668. 

667 . 

Viscum, 26, 166, 368, 

— album, 25. 

^ — 26 . ■ 


%5 

Vitellin, 334, 

Vith, 166, 178, 279, 662, 666, 

784, 785. 

— sestinjalis, 785, 786. 

— arizonica, 785, 786. 

— califoniica, 785, 786. 

— candicans, 785, 786. 

— carib<2a, 785. 

— cinerea^ 785, 786. 

— cordifolia, 785, 786, 

— labrusca, 785, 786. 

— lincecumU, 785, 786. 

— monticola, 785.. 

— rip aria, 785? 786. 

— rotundifolia, 785. 

— rupestris, 785, 786. 

— mnifera, 236, 784, 786. 

Voandzeia, 791. 

Volume of carbon-dioxide 
absorbed, 297. 

— of cell, 432. 

— of daughter-cells equal, 

434 - 

— definitive, 412. 

— increase in, 449. 

— of gases in assimilation, 
equality of, 298. 

— of oxygen absorbed, 398. 

— of oxygen evolved, 297, 

— of wood-cells, 239. 

— of yeast-cell, 386. 

Volvocinese, 483, 604, 730. 

\V. . : 

Wall-flower, 533, 

Walnut, 51, 52, 266, 314, 

579, 763* f 

Warm-chamber, 608 . J 

Warping, 211, 588. ^ [ 

Water, 203, 203, 235, 296, ■ 

309, 317, 326, 381, 403, 

419,422,512. s 

— absorption of by roots, • 

. 246. 

of by leaves, 254. \ 

— action, of on protoplasm, 

617. ^ 

— ascent and conduction of, ; 

230, 253, 264, 276. I 

— of crystallisation, 209. j 

--culture, 228, 271, 283, 

290, 291. I 

284 . 

— distribution in wood, 241. i 

— drainage, 260. 1; 

— excretion of, 266, 273. ; 

of in fungi, 280, 

— expelled from motile or- | 

gahs, 647-649. I 

— of imbibition, 209, 240. | 

lily, 126, 706. 

— mobility of, 342. [ 

— movements of, 233, 270. f 














